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Foreword 


T HE] tremendous research and development effort that went into the 
development of radar and related techniques during World War II 
resulted not only in hundreds of radar sets for military (and some for 
possible peacetime) use but also in a great body of information and new 
techniques in the electronics and high-frequency fields. Because this 
basic material may be of great value to science and engineering, it seemed 
most important to publish it as soon as security permitted. 

The Radiation Laboratory of MIT, which operated under the super- 
vision of the National Defense Research Committee, undertook the great 
task of preparing these volumes. The work described herein, however, is 
the collective result of work done at many laboratories, Army, Navy, 
university, and industrial, both in this country and in England, Canada, 
and other Dominions. 

The Radiation Laboratory, once its proposals were approved and 
finances provided by the Office of Scientific Research and Development, 
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire 
project. An editorial staff was then selected of those best qualified for 
this type of task. Finally the authors for the various volumes or chapters 
or sections were chosen from among those experts who were intimately 
familiar with the various fields, and who were able and willing to write 
the summaries of them. This entire staff agreed to remain at work at 
MIT for six months or more after the work of the Radiation Laboratory 
was complete. These volumes stand as a monument to this group. 

These volumes serve as a memorial to the unnamed hundreds and 
thousands of other scientists, engineers, and others who actually carried 
on the research, development, and engineering work the results of which 
are herein described. There were so many involved in this work and they 
worked so closely together even though often in widely separated labora- 
tories that it is impossible to name or even to know those who contributed 
to a particular idea or development. Only certain ones who wrote reports 
or articles have even been mentioned. But to all those who contributed 
in any way to this great cooperative development enterprise, both in this 
country and in England, these volumes are dedicated. 

L. A. DuBridob, 





Preface 


T he development and engineering of microwave radar equipment 
required that considerable effort be spent on improvements in the 
art of microwave measurements. New techniques had to be devised 
which were suitable for laboratory use, and these had to be modified and 
adapted for use in the field and in the factory. The necessity for the 
maintainance and the repair of military equipment imposed other special 
problems, and test gear had to be designed for these purposes also. A 
large portion of this test equipment was highly specialized and suited 
only for a particular purpose. No standard methods that were com- 
monly acknowledged were available. Moreover, the precision and the 
convenience of operation of various pieces of measuring equipment varied 
widely. It has been attempted in the present volume to select for 
description those techniques and apparatus which are most likely to 
prove useful to future workers in the microwave field rather than to 
attempt a compilation that approaches completeness. Emphasis has 
been placed on laboratory equipment, since it is difficult to predict what 
future applications will be important. 

Most of the methods to be described are based on the wave character 
of high-frequency currents, rather than on the low-frequency techniques 
of direct determination of current or voltage. The techniques to be 
described are grouped under four main headings: 

I. Power Generation and Measurement. 

II. Wavelength and Frequency Meiisurements. 

III. The Measurement of Impedance and Standing Waves. 

IV. Attenuation and Iladiation Measurements, 

Parts I and II need no further comment except that the measurements 
peculiar to radiation from pulsed generators are included as Chap. 7 of 
Part II. The numerous bridge measurements, so important in the low- 
frequency region, cannot be easily modified for microwave work, but 
analogous methods have been devised and show great promise for future 
development. These methods are discussed in Chap. 9 of Part III. 
The inclusion of the measurements of dielectric constant in Part III is 
based on the fact that it is the dielectric constant which determines the 
intrinsic impedance of a medium, since the permeability of nearly all 
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PREFACE 


substances is very closely the same as that of a vacuum. Although 
attenuation and radiation measurements are essentially measurements of 
power, the special devices employed make it convenient to consider such 
measurements in a separate part. 

It is a pleasure to acknowledge the cooperation of the many indi- 
viduals who contributed to the preparation of this volume. In addition 
to those specifically named on a preceeding page in the list of authors and 
editorial staff, acknowledgement is due to Miss Ruth Kaufman for 
editorial assistance, to Mrs. Ruth Shoemaker who collated most of the 
photographs, and to Dr. V. Josephson for his able direction of the draft- 
ing staff. 

The publishers have agreed that ten years after the date on which each 
volume in this series is issued, the copyright thereon shall be relinquished, 
and the work shall become part of the public dommn. 

C.\ROL G. Montgomery. 

New Haven, Conn, 

February, 1947. 
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CHAPTER 1 


INTRODUCTION 

By C. G. Montgomery 

1*1. Microwaves. — The spectrum of electromagnetic radiation may 
be divided into two parts that differ primarily in the principal methods 
for the detection of the radiation. The first of these regions, the optical 
region, extends from the shortest 7-rays, up through the ultraviolet 
and visual wavelengths, to some indefinite wavelength in the far infrared. 
In this region the elementary processes are discontinuous and must 
be described by the quantum theory. The methods of detection involve 
quantum effects — the photoelectric effect or photochemical processes 
in the human eye or in a photographic plate. In the second region, 
the phenomena are more directly associated with electrical effects. 
Radiation is detected by the transformation of the radiant energy into 
some mechanical motion — the deflection of a meter, the sound from 
a loudspeaker, or the motion of an electron beam that falls upon the 
screen of a cathode-ray tube. It is the short-wavelength end of this 
electrical region of the spectrum, the region of microwaves, that is the 
concern of this volume. 

The microwave region extends from about 1000 Mc/sec to about 
30,000 Mc/sec, a range of about five octaves. The range of wave- 
lengths, from 1 to 30 cm, is identical with the range of dimensions of most 
experimental apparatus, and it is this circumstance that leads to a 
separation of the microwave region from the regions of longer wavelength. 
At low frequencies and long wavelengths, coils, condensers, and resistance 
elements are combined with vacuum tubes to form electrical networks, 
and the sizes of the components can be made small compared with the 
wavelength. If it were attempted to extend these techniques to the 
microwave region, the component parts would be much too small for 
practical application; therefore new techniques must be employed. 
Instead of circuits with lumped elements, circuits that are made up of 
transmission lines must be used. In fact, the process of separating a 
microwave circuit into component elements is one that must be applied 
with caution, and in many cases must be avoided altogether. 

The strength of the interaction between the elements of a circuit— or, 
expressed in another way, the amount of the radiation — precludes the 
use of open wires to conduct microwave currents, and coaxial trans- 

1 
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mission lines and hollow-pipe waveguides must be substituted. Empha- 
sis is shifted from the currents flowing in the conductors to the electric 
and magnetic fields inside the pipes. The circuit elements take the form 
of obstacles placed within the transmission line, and the resonant com- 
bination of a coil and a condenser at low frequencies is replaced by a 
resonant cavity in the microwave region. Since at least one dimension 
of a resonant cavity must be of the order of half a wavelength, the long- 
wavelength limit of the region where microwave techniques are no longer 
very useful is the wavelength for which a resonant cavity becomes 
inconveniently large. 

Vacuum tubes of the conventional type cannot be used in the micro- 
wave region both because the lead wires are too long and because the 
time of transit of the electrons between the electrodes in the tube is no 
longer short compared with the period of a wave. A new principle of 
operation must be invoked and tubes employing velocity-modulated 
electron beams are used. This principle is embodied in the klystron 
tubes that produce low and medium continuous-wave power and in the 
cavity magnetrons that furnish high power under pulsed operation. 
The high-frequency limit of the microwave region near 30,000 Mc/sec 
is set not because the dimensions of the circuits become too small, but 
because oscillator tubes, at the present time, have not been developed 
for shorter wavelengths. No doubt the near future will see the workable 
region extended. The natural limit of the microwave region where 
quantum effects prevail is already accessible at very low temperatures. 
In the customary notation, the significant parameter hv/kT is unity for 
p = 3 X 10^^ cps and T = 1.3^K, 

1*2. Microwave Measurements. — The new techniciues that are 
required for the transmission of microwaves must be accompanied by 
new techniques of measuring the transmission characteristics. Indeed 
the quantities that are useful to measure change as the frequency is 
increased. Measurements of the frequency of oscillation are replaced 
by measurements of wavelength; the fundamental quantities, current 
and voltage, cease to be significant in the microwave region, and the 
power and the phase of the waves become important. Physical quantities 
are characterized by four dimensions: mass, length, time, and charge. 
Since electro-mechanical phenomena are of little importance, microwave 
quantities may be characterized by only three. These three microwave 
^'dimensions” can be taken as power, length, and frequency, and all 
microwave measurements may be reduced to measurements of three 
parameters. 

The system of units that will be used throughout this volume is the 
rationalized practical MKS system. Microwave power is expressed 
in watts, or in multiples or subraultiples of a watt, in megawatts (Mw), 



Sec. 1*2] 


MICROWAVE MEASUREMENTS 


3 


kilowatts (kw), or milliwatts (mw); length is expressed in meters (m) 
or centimeters (cm) ; and frequency, in cycles per second (cps), kilocycles 
per second (kc/sec), or megacycles per second (Mc/sec). Some of the 
letter symbols most often used are given in Table 1*1. This table is not 
exhaustive, and most of the symbols are the commonly accepted ones. 
In the MKS system, the dielectric constant eo of free space and the mag- 
netic permeability no have not the value unity but are 

€o = 8.85 /x/Lt//meter, 
no = 1.257 nh/meter. 

These quantities often occur in the combination 

/'"» = 377 ohms. 

\ eo 

Complex quantities will be used throughout without any distinguish- 
ing notation, and the complex conjugate of a quantity will be denoted 
by affixing an asterisk (*). In accordance with engineering practice, 
the time variation of a sinusoidally varying quantity is assumed to be 
This convention leads to the positive sign for the reactance of an 
inductance and for the susceptance of a capacitance, as indicated in the 
last two lines of Table 11. 

Table 11. — Letter Symbols Frequenti.y Used 


Quantity Symbol 

Electric field E 

Magnetic field H 

Imaginary unit, — \ j 

Propagation constant, y — a y 

Attenuation constant a 

Pha.‘»e constant or wave nuinh(*r, 27t X 

Wavelength* X 

Wavelength in waveguide 

Frequency / 

Angular frequency, 2xv w 

Voltage standing-wave ratio, VSWli r 

Keflection coefficient T 

Dielectric constant* € 

Magnetic permeability* M 

Relative dielectric constant,! or specific inductive capacity, €/€o. . . fr. 

Power P 

Impedance, Z « R -f jA' Z 

Admittance, Y ^ I jZ » G jB V 


* When geroe are affixed to thoee symbols, the quantities refer to the values for free space, 
t Throughout Chap. 10 tlie subscript e b dropjKMi for convenience. 

The new technique that contributed so largely to the opening of the 
microwave region was the utilization of the principle of velocity modula- 
tion for the production of continuous oscillations. Chapter 2 is devoted 
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to a description of low-power sources useful for microwave measurements. 
In Chap. 3 the methods of measurement of power are treated, and Chap. 4 
contains a discussion of some of the microwave signal generators that 
have been used. Sources of noise power are also described, and here 
the atomic constants e and k, the electronic charge and Boltzmann’s 
constant, are involved. The measurements of frequency and wave- 
length, the other fundamental quantities, are described in the next three 
chapters. Nearly all the new techniques that are encountered here rely 
upon frequency modulation of the oscillations. The microwave spectrum 
analyzer described in Chap. 7 has proved itself to be exceedingly versatile 
and useful. The remainder of the volume is devoted to measurements 
that combine power measurements with determinations of position and 
wavelength. The novel instruments include standing-wave detectors, 
directional couplers, and microwave bridge circuits or magic T’s. 

1*3. The Detection of Microwaves. — The presence of microwave 
radiation may be detected by electrical or by thermal methods. The 
electrical method distinguishes the microwave region of wavelengths 
from the optical region and involves the conversion of the microwave 
energy to a low, or perhaps zero, frequency by means of a nonlinear 
element and the detection of the energy by the ordinary low-frequency 
techniques. The thermal method is common to the whole electro- 
magnetic spectrum and involves the conversion of the radiant energy to 
heat. The thermal method is the only method that admits of absolute 
calibration. The barretters, thermistors, and other thermometric 
devices are treated at length in Chap. 3 and need only be mentioned 
here. On the other hand, the electrical methods developed for microwave 
radiation represent a considerable advance in the art of measurement. 

Frequency conversion, or demodulation, may be accomplished by any 
nonlinear electrical device, but the efficiency of conversion and useful 
frequency range vary greatly from one device to another. The most 
suitable conversion element for microwaves is a crystal of silicon with a 
tungsten cat whisker. Silicon to which a trace of impurity has been 
added is a semiconducting metal. If a very fine tungsten point makes 
contact with the surface of a crystal, the difference in work functions 
of the two metals causes a very thin boundary layer to be set up. This 
layer is unsymmetrical and the resistance of the contact depends on the 
sign and magnitude of the impressed voltage. Such a crystal rectifier is 
an excellent nonlinear device for microwave frequencies because the 
active region in the vicinity of the point of the whisker is extremely small. 
For microwave uses, crystals are packaged in small cartridges. Figure 
1*1 shows cross sections of standard cartridge crystals that are useful 
for all but the highest microwave frequencies. The sensitive contact 
is adjusted during manufacture, and the space around the contact is 
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where waveguide is used for microwave transmission, the ceramic 
cartridge is mounted across the waveguide in the direction of the electric 

field. A crystal holder for wave- 
lengths from 3.1 to 3.5 cm is shown 
in Fig. 1*4. The matching of the 
unit is accomplished by two adjust- 
able screws preceding the crystal, 
and a variable short-circuiting 
plunger that terminates the wave- 
guide line. A crystal holder of a 
third variety is shown in Fig. 1*5. 
The mount was designed for the 
shielded cartridge crystal of Fig. 
1 -2. The unit is a transition section 
from waveguide to coaxial line with 
the line terminated by the crystal 
cartridge. Impedance-matching is 
accomplished by two screws and a 
variable short circuit as in the other 
waveguide mount. The crystal 
holder was designed for a wave- 
length of 1.25 cm. Further details 
of crystal mounts may be found in 
other volumes^ of the Series. 

Crystals are often used as recti- 
fiers to convert microwave energy 
to direct current. They are nearly 
square-law devices and deliver 
about 1 ma of current to a low 
impedance for 1 mw of microwave 
power. Unfortunately the deviations from square-law behavior are suffi- 
ciently large that calibration is essential for all but the most qualitative 



Fio. 1-2. — Shielded cartridge cry.stals for 
wave-lengths near 1 cm. 



To crystal - current meter 

Fio. 1*3. — Coaxial-line mounting for ceramio-osrtridge crystals with tuning elements for 

impedance-matching. 

measurements. In a superheterodyne receiver, the crystal is used as a 
^Crystal Rectifiers^ Vol. 16, Radiation Laboratory Series. Microwave Mixers^ 
Vol. 16, Radiation Laboratory Series. 
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mixing element. Power from a microwave oscillator, the local oscillator, 
is applied to the crystal together with the signal power. The difference 
frequency produced by the beating of the two microwave frequencies . 
may be amplified and detected 
by ordinary low-frequency tech- 
niques. Some signal power is lost 
by this process, and the conver- 
sion loss of crystals at present is 
about 6 db. A summary of the 
properties of some of the various 
crystal types now available is 
given in Table 1-2. The first four 
types are designed for use as 
mixers; the last four types are 

intended to rectify to direct current The type 1N32 differs from the 
type 1N27 in having approximately twice the sensitivity. 



Fig. 1-4. — Crystal holder for use in the 
3-cm region. The crystal is mounted directly 
across the waveguide. 



Fio. 1 6. — Holder for the shielded cartridge crystal. The crystal is inserted beneath the 

screw cap. 

Vacuum tubes also have been used to rectify microwave currents. 
Because of the large transit time of the electrons between the grids of 


Table 1-2. — Properties of Cartridge (Crystal Units 


('rystal 

type 

('art ridge 

Use 

Test frequency, 
Me /sec 

Maximum 
conversion 
loss, db 

1N21B 

Orariiic 

Mixer 

3,060 

6.5 

1N21C 

('cramic 

Mixer 

3,060 

5.5 

1N23B 

(Ceramic 

Mixer 

9,375 

6.5 

1N26 

Coaxial 

Mixer 

24,000 

8.5 

1N27 

Ceramic 

Detector 

3,295 


1N30 

Ceramic 

Detector 

9,375 


1N31 

Coaxial 

Detector 

9,375 


1N32 

Ceramic 

Detector 

3,295 
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the tubes, the conversion or rectification efficiency is low. Some of the 
r-f envelope viewers described in Chap. 7 employ vacuum tubes since 
the instruments are designed to work at high power levels, and sensitivity 
is not of great importance. 

1*4. Microwave Cables and Connectors. — An important part of any 
experimental arrangement are the lines and cables used to connect the 
various pieces of equipment. At the long-wavelength end of the micro- 
wave region, flexible cables are commonly used for this purpose. A 



Fig. 1-6. — Microwave cables. The commonly used RG-O/U is shown'on the right. 

knowledge of the cables and the connectors and adapters that are avail- 
able is very useful.^ Figure 1*6 shows three cables with the ends spread 
apart to show the construction. The center cable in the photograph 
shows a beaded cable with fish-spine beads. Cables of this type are 
seldom used at wavelengths as short as those in the microwave region 
since the reflections from the beads are usually objectionable. More- 
over, the beads are easily broken and the cable is not very rugged. 
More satisfactory cables are made with a solid flexible dielectric, usually 
polyethylene, as in the two other cables in the figure. A double layer 

^ Complete information on microwave transmission lines is given in Vol. 9 of the 
Radiation Laboratory Series. Flexible cables are discussed in Chap. 5 of that volume. 
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of braid forms the outer conductor of the cable, and the braid is covered 
by a protecting jacket and, sometimes, metal armor as well. 

To facilitate production and to standardize transmission lines for 
the armed forces, the joint Army-Navy Radio Frequency Cable 
Coordinating Committee (ANRFCCC) was active during the war and 
established specifications for cables, connectors, and adapters for trans- 
mission lines of all types, including waveguides. A complete index* of r-f 
lines and fittings has been prepared by the committee and is a very useful 
source of information. To aid in identification and ordering, a num- 
ber system has been established which is commonly used. Lines are 
described by a number such as RG-9/U (radio guide -9/universal), and 
fittings by UG-21/U (union guide -21/universal). Although the com- 
mittee is a wartime agency and will soon cease to function, probably 
a new committee will be formed to continue the work. 



Fig. 1*7. — Typo N connectors for microwave coaxial cable: UG-21B/U and UG-22B/U. 


The cables most commonly used at microwave frequencies are the 
RG-9/U, RG-21/U, and RG-5/U cables. The RG-9/U cable is shown 
on the right side of Fig, 1-6. It has a diameter of 0.28 in. over the 
polyethylene dielectric, a characteristic impedance of 52 ohms, and a 
capacitance of 30 MM//ft. The voltage rating is 4000 volts rms, but 
breakdown will occur in the connectors at a considerably lower voltage. 
This cable can be used with small losses down to a wavelength of 3 cm. 
The RG-21 /U cable is similar to the RG-9/U cable except that the center 
conductor is made of nichrome wire, and a length of this cable can be used 
as an attenuator. The RG-5/U cable has a smaller diameter, 0.185 in. 
over the dielectric, as well as a smaller center conductor; the impedance 
is also 52 ohms. 

The usual connectors for the RG-9/U and RG-21 /U cables are type 
N connectors. The latest designs for a plug and jack are shown in 
Fig. 1*7 and have the designations UG-21B/U and UG-22B/U. These 
connectors are designed to have a low reflection in the 10-cm region and 
also at wavelengths from 3.1 to 3.5 cm. At intermediate wavelengths 

‘ “Index of Army-Navy R-F Transmission Lines and Fittings/* Navships 900102, 
Army No. 71-4926, Washington, D.C., June, 1945. 
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the reflections are larger. The smaller RG-5/U cable is often used to 
connect to Sperry Klystrons and require an ‘^SKL^^ fitting. Such a 
connector, the UG-275/U connector, is shown in Fig. 1*8. Manyv€ther 



cables, both larger and smaller, and 
the connectors for4hem.are available, 
as well as adapters from one: cable to 
another and to rigid lines, T^s, and 
angle connectors. 

At irequencies below the micro- 


Jfio. 1;8.— yG-:275/U (jonnector for wave region,' Cipl>le8 of higher charge- 

teristic imped^ce are us^; 72 ohms 
, is a common y^lue. A reliable con- 

ni^tpr greatly facilitates experimental work and it is often desirable 
to use iiii<»owave cables and connectors for low-frequency circuits as 


well. Another series of connectors — the UHF connectors, which have 



(a) (6) 

Fig. 1*9. — UHF connectors, Navy types 49190 and 49194. 


proved to be yery satisfactory for low-frequency auxiliary equipment, 
can^C U8e4 witH'RG-9/U cables and others. A plug and jack are showr 
1*9, Navy types 49190 and 49194 respectively. Figure M 
shows * a bulkhead adapter for 
connecting two cables together. 

Adapters are also available from 
UHF fittings to type N connectors ; 


Fig, 1 11 shows two of them. 
Low-frequency connectors are 
often made an integral part of 
microwave components. The 
Crystal holder of Fig. 1*4 has a 







-UHF bulkhead adapter. 


UHF jack mounted directly on the waveguide; the low-frequency 
coimector shown in Fig. 1-5 is a small connector similar to a type N 
cc^nector designated as a BNC or ^‘baby type N'' connector. 
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Figure 1*1^ shows a photograph of conneotors of several types. 
At the left is a group of type N fittings, in the center are two UHF 
fittiiigs, and on the right are two adapters from type N connecteos to 
figid coaxial line. 

1*5. Rigid Coaxial Lines. — Many microwave transimssion lines take 
the fetm of rigid coaxial lines with air as the dielectric between the inner 
and outer conductors. Air is used to minimize the losses in the line. 
The properties of the line and the characteristic impedance depend on 




(a) (6) 

Fiq. 1*11. — Typo N to UHF adapters, types UG-146/U and UG-83/U. 

the diameters of the inner and outer conductors. Lines of standard 
sizes have been adopted, all of which have impedances near 50 ohms. 
This value represents a compromise between the dimensions that give a 
maximum power-carrying capacity and a minimum loss per unit length 
if either the outer diameter or the wavelength is held constant. The 
standard lines do not have an impedance of exactly 50 ohms, since 
the dimensions of the conductors are those of tubing that is readily 
available in standard sizes. Table 1-3 summarizes the properties of 



Fia. 1*12. — Cable fittings. At the left are type N fittings; center, ty];>e UHF; right, 
adapters from typo N to rigid coaxial line. 

Hie rigid lines commonly used. The size of the line is specified by the 
outer diameter of the outer conductor. 

Some means of supporting the inner conductor of the line is, of course, 
necessary. One method is to use dielectric beads of such a shape and 
size that no reflection takes place from the beads or from combinaticms 
of several beads. Figure 113 shows several forms of nonreflecting beads. 
Beads of all these types are often encountered. The bead of Fig. 113d 
is often split into halves to allow assembly of the line, although a joint 
in the oenter conductor is sometimes made at this point. It is difficult to 
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make bead-supported lines with very low reflection over a broad band 
of wavelengths. Moreover, the beads seriously reduce the power- 
handling capacity, as is evident from Table 1*3. 

A second method for supporting the center conductor is by means of 
stub branches that are effectively a quarter-wavelength long. The 
branch line is in shunt with the main line, but the stub presents a very 




W///////M ) 





ia) 

(b) 

(C) 
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id) ie) 

Fia. 1-13. — Bead supports for coaxial lines: (a) is a thin bead; (6) shows a bead grooved 
to increase the surface leakage path; (c) is a bead one-half wavelength long; {d) shows a 
bead with the center conductor undercut to maintain a constant impedance in the bead- 
filled section of the line; (e) shows a stepped bead three quarters of a wavelength long. 

small admittance and has, consequently, little effect on the transmission 
at the design wavelength. The wavelength band over which the effect 
is small is, however, rather restricted. By means of an increase in the 
diameter of the center conductor of the main line, the bandwidth may 
be made much larger. A cross section of such a stub is shown in Fig. 
1*14. The dimensions shown are for a ^-in. line at a wavelength of 9.9 


Table 1-3. — Some Characteristics of Coaxial Lines 


Line 
size, in. 
OD 

Wall 
thick- 
ness. in. 

Inner- 

con- 
ductor 
diam- 
eter, in. 

Imped- 

ance, 

ohms 

Support 

Theo- 

retical 

maxi- 

mum 

power, 

kw 

Recom- 

mended 

maxi- 

mum 

power, 

kw 

Attenua- 

tion, 

db/m 

liowest 

safe 

wave- 

length, 

cm 

A 

0.025 

0.125 

44.4 

Bead 

140 

5 

0,021 

1.70 

i 

0.032 

0.1875 

50.6 

Stub 

358 

60 

0.020 

2.70 

1 

0.035 

0.250 

47.8 

Bead 

598 


0.095 

3.50 

i 

0.032 

0.375 

46.4 

Stub 



0.066 

5.28 

11 

0.049 

0.500 

50.0 

Stub 



0.045 

7.18 

H 


0.625 

53.4 

Stub 



0,033 

9.30 
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cm. A single stub of this design produces a voltage standing-wave ratio 
of less than 1.02 for wavelengths from 8 to 12 cm. 

A standard connector for ^-in. line is shown in Fig. 1*15. Contact 
between the outer conductors is made with a taper joint, and contact 
between the inner conductors is made with a '^bullet with spring fingers. 
Both the male and female parts of this coupling are shown at the right 
of Fig. 112. With a polarized 
coupling such as this, it is desira- 
ble to have some convention to 
be followed in the assembly of 
lines. The convention adopted 
is that the power flow shall be 
from the male to the female 
coupling. This same convention 
is used for the connection of water 
pipes. 

1*6. Waveguide Transmission Lines. — Although coaxial lines, both 
rigid and flexible, are adequate for the requirements of microwave trans- 
mission at long wavelengths and at power levels that are not too high, 
transmission of short wavelengths and high power must be accomplished 
through hollow-pipe waveguides. The waveguide has, almost univer- 
sally, a rectangular cross section with a ratio of cross-sectional dimen- 
sions of about 2 to 1 . Transmission takes place in the dominant mode 
which is designated as the T^Jio-mode or i/io-mode. The electric field 



Fia. 1-14. — Broadband stub support for a 
i-in. coaxial line. 



Fiq. 115. — Connector for i-in. coaxial line. 


is entirely transverse to the direction of propagation and is perpendicular 
to the broad face of the waveguide. The field strength has a maximum 
value at the center of the broad face, and decreases to zero at the side 
walls. The magnetic field is both transverse and longitudinal with 
respect to the waveguide axis and is perpendicular to the electric field. 
The magnetic field lines form closed contours in planes parallel to the 
broad faces of the waveguide. The wavelength \g in the waveguide is 
greater than the wavelength Xo in free space, and is given by the equation 
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i-L J_ =1 
\l ^ 4a2 X?' 

where a is the larger of the cross-sectionardimensions. For propagation 
to be possible in the dominant mode only, it is necessary that 2a > Xo > a. 

Standard sizes for waveguide transmission lines have been estab- 
lished and these sizes are given in Table 1*4. The wavelength band 
given extends from a wavelength 10 per cent less than the cutoff wave- 
length (2a) for the lowest mode to a wavelength 1 per cent greater than 
the cutoff wavelength (a) for the next mode. For a representative 
wavelength within this band, a value for the attenuation of a copper 
waveguide is given, and the maximum power Pm** that can be transmitted 
without breakdown. The value of Pm^x is calculated on the assumption 



Fig. 1 * 16 . — Choke-flange waveguide coupling. 


that the breakdown field strength is 30,000 volts/cm and is independent 
of frequency. At the upper limit of the wavelength band given, the 
attenuation is roughly twice, and the power-handling capacity about 
half, the values at the lower limit. 

Table 1*4 also lists the chojce-flange couplings that are recommended 
for waveguides of each size. A choke-flange coupling is essentially a 
branch waveguide, one-half wavelength long, in series with the main 
waveguide. A coupling for waveguide is shown in Fig. l*16a. For 
ease of manufacture the choke groove is circular. The radius and depth 
of the groove are so chosen that no current flows across the joint between 
the choke and the flange. Since no current flows, there is no need for an 
electrical contact at this point, and the connector makes a good joint 
even if no contact is made. In fact, flexible waveguides may be made 
by a series of choke-flange couplings held together by a flexible cover, 
with a slight spacing between the choke and flange units. ^ The choke 

^ See Microwave Transmission Circuits^ Vol. 9, Radiation Laboratory Series, 
Chap. 6. 
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groove of a coupling is a coaxial line. This line is operated, however, 
not in the lowest, or principal, mode but in the second or fjEio-mode. 
The fields excited in the choke groove are shown in Fig. M66. Other 
choke couplings are shown attached to the crystal holders. Figure 1*4: 
shows a UG-40/U coupling; Fig. 1*5 shows a UG-117/U coupling. 

Although the reflections from choke-flange couplings are usually 
completely negligible, it is desirable, for very precise measurements, to 
use a contact coupling such as shown in Fig. 1-17. To be satisfactory 
the surfaces at the joint must be flat, and sufficient pressure must be 
applied to ensure contact over the whole surface. The two waveguides 



Fig. 1*17. — Contact coupling for precise waveguide measurements. 


must also be accurately aligned. The pins in the coupling should be 
located by a jig that fits into the waveguide, and the screws that hold 
the coupling tight should not affect the alignment. A coupling of this 
type is not suitable for field use, since great care is necessary to make a 
good joint. 

1*7. Specialized Microwave Measurements. — In a volume of this size, 
it is by no means possible to describe all the necessary techniques that 
are useful and necessary in the microwave region. The techniques that 
are used only for the study of special devices have, therefore, been 
omitted. A large number of these methods are given, however, in other 
volumes of the Radiation Laboratory Series. The theoretical back- 
ground essential for most of the processes of measurements is discussed 
in Vol. 8. The properties of reflecting irises and other elements 
of microwave circuits are also to be found there, and a summary of the 
properties, with formulas and tables, is the subject of The Waveguide 
Handbook, Vol. 10. A discussion of irises for impedance-matching and the 
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description of tuners of various types are to be found in Vol. 9. 
Tuners are very widely used in many microwave measurements and form 
an essential part of the equipment of any microwave laboratory. 

With the exception of power measurements and line terminations, 
little space has been devoted in this book to high-power equipment. 
The properties and testing of high-power magnetron oscillators are to 
be found in Vol. 6 of the Series; the modulators (pulsers) and the equip- 
ment for testing them are discussed in Vol. 5. 

The measurements of the properties of microwave mixers are described 
in Vol. 16, and the radio-frequency and low-frequency properties of 
complete receivers are discussed in Vol. 23. Several volumes of the 
Series are devoted to the low-frequency circuits that are necessary 
auxiliary equipment for nearly all microwave devices. The alignment 
of amplifiers and the measurement of gain are treated in Chap. 8 of Vol. 
18, and amplifier-noise measurements are described in Chap. 14 of the 
same volume. 

The last two chapters of Vol. 12 describe the measurements of the 
properties of antennas in greater detail than does Chap. 15 of this volume. 
Experiments on the propagation of microwaves over the surface of the 
earth are described in Vol. 13. 

The measurements made to determine the properties of gas-filled TR 
switching tubes and of duplexers are to be found in Vol. 14. The testing 
and maintainance of complete microwave radar systems are described in 
Vols. 1 and 2, and the testing of microwave beacons in Vol. 3. 

A number of experiments have recently been made, or are now in 
progress, in a field that might be designated as microwave spectroscopy. 
The properties of substances in fields at microwave frequencies have 
considerable interest to physicists. These properties, however, are 
typical of the optical region of the electromagnetic spectrum and involve 
quantum effects. Consequently, a description of these experimental 
methods has been omitted here. 

Most of ti e microwave apparatus during the war period was procured 
by the Army and Navy for military purposes and for the development 
of military equipment. Although a large number of manufacturers 
produced this equipment, it is not known at present what will be com- 
mercially available in the future. To aid prospective purchasers, 
however, a list of manufacturers and some of the microwave equipment 
that they produced during the war is given in Appendix A at the end of 
this volume. 
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CHAPTER 2 

POWER SOURCES 

By Donald R. Hamilton and R. V. Pound 

MICROWAVE OSCILLATORS 
By Donald R. Hamilton 

An obvious prerequisite to most of the measurements described in 
this book is a source of microwave energy. From the various factors 
involved there has developed a strong preference for the use of the reflex 
klystron oscillator as this source. For this reason most of the present 
chapter will be devoted to the reflex klystron and its associated equip- 
ment, but this will be preceded by a brief discussion of the behavior 
required of a source of power for measurements, and a comparison of 
the various basic types of microwave tubes on the basis of these criteria. 

24. The Choice of a Microwave Oscillator. — The simplest require- 
ment placed upon a signal source is that it generate sufficient power for 
the measurement in question — the more economically the better. For 
a simple standing-wave measurement, a few milliwatts of power in the 
transmission line of the standing-wave detector are sufficient. But in 
order that the process of measurement may not influence the signal 
frecjuency or amplitude, at least 10 db of attenuation are usually placed 
between source and point of measurement, which raises the requirement 
to a few tens of milliwatts. Very similar requirements are placed on 
the local oscillator in microwave receivers, so that many of the more 
common power sources are equally suitable for measurement work and 
as local oscillators. However, in measuring such things, for example^ 
as attenuation or antenna patterns, a smaller fraction of the initially 
generated power is available to the final detector so that the initial 
power level needs to be increased by at least another factor of ten. 
But the latter measurements are rather less frequent than the mul- 
titudinous standing-wave measurements requiring tens of milliwatts. 

The ease of modulation of this power is also frequently important. 
Ease of modulation may, of course, imply exact regulation of applied 
voltages. This is one of the reasons for a subsequent section on suitably 
regulated power supplies for such signal sources. 

One of the commonest types of modulation is the simple square-wave 
on-off amplitude modulation at audio frequencies, which allows the use, 
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with the standing-wave detector, of an a-c amplifier instead of a d-c 
galvanometer. Amplitude modulation of the output power in micro- 
second pulses is somewhat similar to this; such pulses are necessary 
in a signal generator designed to produce a signal which simulates a 
received radar signal. The requirements in this case are the more 
stringent since times of the order of tenths of microseconds are of 
importance in producing an output pulse which duplicates the shape 
and duration of the applied pulse. 

Frequency modulation of a signal is extremely useful in investigating 
any phenomenon involving frequency dependence; for example, in a 
spectrum analyzer (see Chap. 7) a reference signal swept in frequency is 
necessary. For such purposes, it is helpful to have the output frequency 
quite sensitive to some electrode voltage and to have the signal frequency 
depend nearly linearly on this voltage. Absence of amplitude modula- 
tion in the process is not so important since f-m receivers commonly make 
use of amplitude limiters in any case. 

In addition to these matters of output power and modulation, there 
are a number of other fairly obvious criteria, such as the range of fre- 
quencies that the source may be tuned to generate, the ease of this tuning 
process, the number and difficulty of the adjustments that must be made 
for optimum operation, and the amount of mechanical skill required 
for constructing accessories. Further additions would begin to sound 
like the sermon of Calvin Coolidge^s preacher who was ^^agin'' sin. 

To meet these requirements there are available three basic generators 
of microwave power: the microwave triode, the klystron, and the mag- 
netron. The latter has been developed primarily as a high-power 
pulsed transmitter tube and so far remains an inherently higher power 
tube than is needed for most measurements. 

The ingenious physical construction of the lighthouse tube has 
extended the practical operating range of the triode somewhat above 
3000 Mc/sec. This physical construction requires an external cavity, 
however; the resulting problems of cavity construction and of good con- 
tact between cavity and tube are not too simple. By the adjustment of 
movable sections of the commonly used external cavity, tuning ranges 
of the order of 10 per cent may be obtained. At 3000 Mc/sec, output 
powers of the order of 125 mw may be obtained from the 2C40 lighthouse 
tube at a plate voltage of 250 volts. So far it has not been feasible to 
extend this range to the commonly used higher frequencies. As to 
modulation properties, microwave triodes have an output frequency 
which is quite insensitive to applied voltage. This has sometimes given 
rise to their use in field test equipment where constant frequency is 
desired and the cost of voltage regulation is an important criterion. 
Square-wave or pulsed-amplitude modulation is straightforward, and 
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with proper circuit adjustments satisfactory operation may be obtained 
with short pulses (cf. Sec. 4*8). Nevertheless, because of the complica- 
tions of the circuits external to the vacuum tube, the difficulty of fre- 
quency modulation, and the upper limit to the operating frequency, the 
lighthouse tube has not come into general acceptance as a signal source 
for measurements. 

Klystrons exist in a number of electrical and physical forms. There 
are amplifiers with power gains of 30 in the two-resonator form or 1000 
in the three-resonator “ cascade amplifier. High-order multiplication 
of frequency is made possible by the waveform of the r-f current in a 
klystron. Klystron multipliers, preceded by conventional low-frequency 
multiplying stages, have been used for frequency multiplication from 
quartz-crystal-controlled oscillators up to microwave frequencies of the 
order of 9000 Mc/sec. The use of such frequency multipliers in fre- 
quency standards is discussed in Chap. 6. Also, at 3000 Mc/sec, 
two-resonator klystrons are available with output powers of the order 
of 15 to 20 watts. 

For measurement purposes, however, the most generally useful type 
of klystron has been the reflex klystron oscillator. The word reflex 
derives from the fact that an electron beam passes once through a 
resonant cavity, then by means of a negative electrode, the reflector, 
is made to return through this cavity on a second transit. Postponing 
for the moment a discussion of the operation of the reflex klystron, it is 
obvious that the use of one simple resonant circuit gives this oscillator 
a great advantage over the lighthouse tube or the two-resonator klystron 
oscillator, both in mechanical tuning range and in ease of tuning adjust- 
ment. II has also become common practice to place the resonant cavity 
within the vacuum envelope so that there are none of the mechanical 
complications of attaching an external cavity. At 3000 Mc/sec, and 
at comparable plate voltages, present-day reflex klystrons have only 
slightly less output power and efficiency than lighthouse tubes. How- 
ever, triode efii ^iency drops sharply and reflex-klystron efficiency drops 
gradually with increasing frequency. Although at 3000 Mc/sec the 
maximum output power of current reflex klystrons is one-half watt as 
(compared to the just-quoted 15 to 20 watts of the two-resonator klystron, 
in the 10,000 Mc/sec range one-quarter to one-half watt is still available 
from a reflex oscillator. Great difficulties of construction and tuning 
prevent the use of any two-resonator oscillators in this higher frequency 
range. 

The output frequency of a reflex klystron is quite sensitive to the 
voltage applied to the reflector electrode, although in someJtJohdeaJhe 
sensitivity has been intentionally made small in the interests of stability. 
Change in frequency with applied voltage, known as ''electronic tuning/' 
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obviously makes for easy frequency modulation, especially since the 
electrode to which the modulating voltage is applied draws no current. 
This last advantage is absent if the frequency is modulated, as it may 
be, by beam-voltage modulation. The same electronic-tuning effect 
is present in two-resonator klystron oscillators and may be enhanced 
by proper adjustment of the feedback, but the modulation must be 
applied to the beam voltage and the rate of change of frequency with 
voltage is less. Conversely, of course, the two-resonator tube is more 
stable in frequency. Frequency modulation of a reflex klystron is 
somewhat nonlinear and is accompanied by amplitude modulation to a 
degree which will be apparent from the later discussion. The two- 
resonator klystron may be adjusted to give a more linear characteristic 
with very httle accompanying amplitude modulation. 

On-off amplitude modulation of the square- wave or pulsed type is 
easily applied to a klystron or a triode by applying the same modulation 
to the plate voltage; in the reflex klystron similar modulation may also 
be applied to the reflector voltage. A normally loaded reflex oscillator 
will satisfactorily reproduce the shape and duration of the applied voltage 
pulse, as will a triode with proper circuit and feedback adjustments; 
a short buildup time is rather more difficult to obtain with present two- 
resonator klystrons. 

The various points of comparison that have just been discussed are 
the basis for the general use of the reflex klystron in measurements at 
present. Specific data on the more common currently available tubes 
will be given in Table 2*1. In order to provide a general background 
for the reader, principles of operation and general characteristics of the 
reflex klystron will be discussed in the next section. More detailed 
information on klystrons and microwave triodes may be found in Vol. 7 
of this series. 

In addition to the signal sources just discussed, there is another means 
of obtaining signal power, which is primarily useful in initial work in new 
frequency bands for which no tubes are available; this is the technique of 
harmonic generation in crystal detectors. This technique will be dis- 
cussed briefly following the section on principles of reflex-klystron 
operation. 

2*2. General Characteristics and Principles of Operation of the Reflex 
Klystron. — The basic feature of any klystron is its utilization of velocity 
modulations^ and bunching to derive, from an input r-f voltage, an 
r-f intensity-modulated current with which to drive an output circuit. 
This is accomplished by substituting for the single cathode-grid control 
space of the triode a composite control space consisting of three separate 
regions: the cathode-anode region in which electrons receive their full 
d-c acceleration; the ^'r-f gap'' in which these electrons are subjected to 
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an r-f field which does not turn them back but simply serves alternately 
to slow down or speed up the electrons (velocity modulation); and the 
drift space in which there may be d-c fields but no r-f fields, and in 
which the differences in electron velocities cause the electrons to form 
into groups or bunches (bunching). It is the increased physical size 
which this division of labor allows at a given frequency which makes 
the klystron work up to much higher frequencies than does the triode. 
An additional feature, common of course to the microwave art in general, 
is the use of cavity resonators for oscillator circuit techniques. 

A schematic diagram illustrating the embodiment of these principles 
in the reflex klystron is shown in Fig. 2*1, in which the three regions 
of the control space referred to above are 
will be noted that the reflector electrode is 
operated at a potential negative with respect 
to the cathode; electrons which have passed 
through the r-f gap are therefore subject to 
a retarding electric field which, reversing 
their motion before they reach the reflec- 
tor, returns them through the r-f gap. 

Bunching; Phase Relations for Oscilla- 
tion . — The process of bunching which takes 
place in the reflection space is illustrated in 
Fig. 2*2, in which electron position is shown 
as a function of time for a series of electrons 
which initially pass through the r-f gap at 
equal intervals. The slope of any one curve 
at any instant obviously corresponds to the 
velocity of the corresponding electron at 
that instant; the velocity modulation on first passage through the r-f gap 
appears as a change in slope at the gap. It will be seen that the faster 
the electron, the deeper it penetrates into the reflection space, and the 
longer the tini(‘ taken to return to the r-f gap. The resulting bunching 
is apparent as the electrons make their second transit. 

On the first trip through the gap as many electrons were speeded 
up, that is, gained energy at the expense of the r-f field, as were slowed 
down, that is, gave energy to the r-f field: the transactions balance to 
zero. But on the return passage through the gap the electrons are 
bunched. This ‘^accountings' procedure of adding up the energy given 
to or taken away from each electron by the field will show a net profit 
or loss in the total energy of the beam, which must correspond to a loss 
or profit in the electromagnetic energy of oscillation stored in the resonant 
cavity. The net profit to the energy of oscillation will be greatest when 
the center of the bunch is slowed down most on its return passage. The 


identified. In addition, it 



Fig. 2*1. — Schematic diagram of a 
reflex klystron. 
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electron which forms the center of the bunch, and which made its first 
transit of the r-f gap at an instant of zero field, is shown with a heavy 
line in Fig. 2-2. As the figure is drawn, any small change in the total 
reflection transit time of the electron from its value of 1| cycles would 
clearly result in a diminution of the power delivered to the resonant 
circuit. 

This example may be generalized to show that the delivery of power 
by the beam will be at a maximum whenever the d-c transit time in the 
reflection space is (n + f) cycles, where n is an integer. For a quarter 
cycle on either side of (n + f) cycles no delivery of power by the beam 

Reflector 



Fio. 2*2. — Applegate diagram illustrating velocity modulation and bunching in the 
reflex klystron. Trajectories are shown for a number of originally evenly spaced electrons, 
which form into bunches on the return transit because of velocity modulation on first transit 
of the gap. 

is possible. This does not imply that the tube will alwayj^ oscillate if 
this transit-time condition is met. For if the d-c beam current is too 
small, the power delivered by the bunched current to an infinitesimal 
r-f gap voltage may be less than the power dissipated in circuit and 
load losses in maintaining the gap voltage; in this case there will be no 
oscillation. Thus, given a transit time which lies in the vicinity of 
(w + f) cycles and therefore meets one of the necessary conditions for 
oscillation, a second condition is also necessary: the d-c beam current 
must exceed some minimum current called the ''starting current,’’ 
which depends upon circuit and external load and, incidentally, is 
inversely proportional to (n + 1). If both conditions are satisfied, 
oscillation will always occur. 

Reflector-mode Patterns and Mode Shapes . — Since transit time depends 
upon the reflector voltage Vr and the beam voltage 7o, oscillation is 
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allowed for some values of these voltages and not for others. A typical 
‘‘mode pattern is shown in Fig. 2-3, in which the regions of oscillation 
for a 2K25 klystron are indicated as shaded regions and are labeled with 
the corresponding values of n. It should be noted that the word “mode*' 
is not used here in the sense of “normal modes of resonance of coupled 
circuits^'; there is only one circuit, 
and the modes are distinguished by 
different transit times, not by dif- 
ferent frequencies. The downward 
trend of the reflector voltage for a 
given mode as the beam voltage 
increases is a general characteristic 
of such patterns. Another general 
characteristic, not shown in Fig. 

2-3, is an increase in the value of 
reflector voltage for a given mode 
as the mean klystron frequency 
is tuned upwards. And since transit 
time depends on reflector spacing, 
some fluctuation of mode position 
from tube to tube caused by me- 
chanical tolerances is to be expected. 

In Fig. 2-3, the modes of oscillation are shown as not extending to 
zero reflector voltage. This is not a true representation of fact; the 
modes usually extend through zero to positive reflector voltage. This 
is not shown in Fig. 2*3 because it is desired to draw attention to the 

fact that in making klystrons and 
in making the power supplies that 
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Fia. 2*3. — Reflector-mode pattern of 
the type 2K25 reflex klystron operating 
at 3.2 cm. The shaded areas correspond 
to those combinations of beam voltage Vo 
and reflector voltage Vb at which oscilla- 
tion occurs. 
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operate them (see Sec. 2T3), it is 
assumed that they will be operated 
with the reflector sufficiently neg- 
ative to draw no current. Cur- 
rent collected on the reflector may 
cause dangerous heating of the 
reflector, especially in conjunction 
Avith certain secondary-emission 
and power-supply phenomena; or 
it may give rise to unwanted 
reflector-voltage modulation. A slightly negative reflector may still 
collect electrons which have been accelerated in the r-f field. 

Returning from this parenthetical admonition to the simple behavior 
shown in Fig. 2-3, it is apparent that for any given value of beam voltage 
there should be one or more ranges of reflector voltage in which oscilla- 


200 300 

Vfi in volts 

Fia. 2-4. — Output power and frequency 
of oscillation as functions of reflector voltage 
in the type 2K26 (723A/B) reflex klystron. 
Beam voltage 300 volts, X = 3.2 cm. 
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tion will occur, and vice versa. This is illustrated in Fig. 2*4, which 
shows, for the type 2K25 klystron, the dependence of output power on 
reflector voltage for a given beam voltage. Moreover, as will be dis- 
cussed in more detail later, the oscillation frequency varies with reflector 



(a) (6) 

Fig. 2*6. — Amplitude- and frequency-modulation characteristics of the reflex klystron; 
(o) is for square-wave amplitude modulation; (6) for sawtooth frequency modulation. 

voltage. This behavior is also indicated in Fig. 2*4. The tube charac- 
teristics exemplified in this figure will be discussed below. Meanwhile, 
it should be noted that the load into which the oscillator is working is 
constant in Fig. 2 4, and that a quantitatively, but not qualitatively, 

different result would be obtained 
if the load were changed in going 
from mode to mode. 

Simple Modulation of the Re- 
flex Klystron . — Even without go- 
ing into the details of Fig. 2-4 in a 
quantitative manner, it is appar- 
ent how certain simple , types of 
modulation, such as square-wave 
amplitude modulation or sawtooth 
frequency modulation, may be 
obtained by reflector-voltage mod- 
ulation. The requisite reflec- 
tor-voltage modulation and the 
resulting output waveform are 
indicated in Fig. 2-5. 

2*3. More Detailed Charac- 
teristics of the Reflex Klystron. 
Universal Mode Shapes . — For 
many purposes involving a quantitative specification of such modu- 
lation, the behavior shown in Fig. 2*4 must be described in a more 
exact and quantitative fashion. It turns out, subject to some simple 
conditions which need not be stated, that the mode characteristics 



Fig. 2*6. — Universal mode curves for 
the reflex klystron for three different loads. 
Output power and relative frequency are 
shown as functions of relative reflection phase 
angle graphical determination of half- 
power electronic-tuning range Afyi indicated 
by construction lines. Reflector voltage 
decreases with increasing <ff. 
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of a reflex klystron may be represented by a single set of universal curves. 
Three such curves are shown in Fig. 2*6. The horizontal coordinate in 
these curves, denoted by <l>, is the difference between the values of the 
transit angle (measured in radians at the center frequency) at the point 
in question and at the center of the mode; <l> increases with decreasing 
reflector voltage. Since the transit angle changes by 27r radians in going 
from one mode to the next, the conversion from reflector volts to relative 
transit angle in such a diagram as Fig. 2-4 is a matter of straightforward 
interpolation. The different curves in Fig. 2*6 correspond to different 
external loads applied to the tube, as indicated in the figure. By a 
* ^ heavy or ^^arge” load is meant one which necessitates a large starting 
current. At optimum load, the starting current is about 44 per cent of 
the operating current; hence at 1.5 and 0.5 times optimum load, the 
respective starting currents are 66 and 22 per cent of the operating current. 

Electronic-tuning Characteristics . — It will be observed in Fig. 2*6 
that while the output-power characteristics of the mode change in shape 
with change in load, the frequency characteristic simply changes its 
vertical scale factor; this frequency characteristic is given by the simple 
relation 

tan 4> = 2Q (1) 

JO 

in which / is the frequency of oscillation, fo is its value at the center 
of the mode (resonant frequency of loaded cavity), and the circuit Q 
includes the effect of the load. Thus the Q’s for the heavy, optimum, and 
light loads shown are in the ratio 0.67 to 1 to 2, and this is the vertical 
scale fact(>r to which reference was made. A simple relation is obvious: 
the rate of electronic tuning at the center of the mode, expressed as 
fractional change in frequency per radian change in reflection transit 
angle, is given by 



In practice one is usually more interested in the total range of elec- 
tronic tuning than in the tuning rate. The electronic-tuning range is 
normally specified as the difference in frecjuency, A/^^, between the fre- 
quencies at which the power falls to half its maximum value. In Fig. 
2*6 the graphical deduction of A/^^ from the power and frequency charac- 
teristics has been indicated. It is apparent, in the first place, that the 
tuning range is much less dependent on the load and on the Q than is 
the tuning rate at the center of the mode. This is because the load giving 
the highest Q and the lowest tuning rate also allows oscillation over the 
largest range of phase, so that the effects of tuning rate and phase width 
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of the mode neutralize each other. In particular, the load for which 
the electronic-tuning range is a maximum gives the maximum output 
power. To verify further the essential simplicity of nature, it turns out 
to be true that QAf^/f^ = 1.2 at optimum load, that is, the electronic- 
tuning range at optimum load is approximately the bandwidth of the 
loaded cavity at this load (and only at this load). 

In the case of optimum load, the mean electronic-tuning rate, averaged 
between half-power points, is 



This is equivalent to saying that the frequency deviation at half power 
is about 40 per cent greater than it would be if the tuning rate at the 
center of the mode were followed throughout. If the frequency devia- 
tion is halved, the nonlinearity of electronic tuning is reduced to 11 
per cent. 

In practical cases the tuning rate, which is of interest, is expressed in 
megacycles per second per volt on the reflector; the conversion from the 
above form requires only the conversion already mentioned from transit 
angle to reflector voltage. 

Electronic-tuning Hysteresis . — This discussion of mode shapes affords 
an opportunity for answering a question which was left unanswered at 
an earlier stage: What happens to the electrons which, having made two 
transits of the gap, go on to make further transits? Between grid 
absorption and electron-optical aberrations, not many electrons do make 
multiple transits; but this partially begs the question. Those electrons 
which do make three or more transits are the most common cause of 
occasional abnormalities of which an example is shown in Fig. 2*7. 
Such phenomena are collectively labeled ^‘electronic-tuning hysteresis'' 
since they include situations when the output power and frequency at a 
given reflector voltage depend upon the direction of approach to this 
reflector voltage. As mentioned in the later discussions of specific 
tube types, these effects have been largely eliminated from the more 
recent tubes by designing the electron optics to prevent multiple transits. 
They are also affected considerably by load and beam current and may 
usually be ameliorated by adjustment of these factors. In any case 
the remaining discussion of output characteristics will be for normally 
behaving modes such as those appearing in Fig. 2*4. 

Load Effects . — ^All the comments which have so far been made about 
the effects of load on the operation of a reflex oscillator are based on 
the implicit assumption that this load is insensitive to frequency and 
nonreactive and that in all its effects it acts as if it were simply a resistance 
connected across the r-f gap of a klystron oscillator. In general, this 
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situation may be obtained only with special loading conditions and at a 
particular frequency ; it is the exception rather than the rule. 

One of the most convenient ways of presenting information on 
oscillator performance in the presence of more general loads is the 
so-called ^‘Rieke diagram.’^ This is a graphical presentation of the 
variation of any one oscillator characteristic — most commonly, output 
power or frequency — as a function of the load which the oscillator 
sees. This load may be described as a terminating impedance in the 
transmission line into which the oscillator is coupled; hence the most 
common way of specifying a load is by the magnitude and phase of the 



Fici. 2- 7 Examples of hysteresis and associated phenomena in reflex klystrons. Reflec- 
tor voltage is being subjected to a sine-wave sweep. The arrows indicate the direction of 
motion of the trace. Reflector voltage is increasing to the left. 


reflection coefficient which would produce the standing waves which are 
present in the line. The most common Rieke diagram is thus one in 
which the magnitude and phase of this reflection coefficient are used as 
polar coordinates to specify a load plane in which the contours of con- 
stant oscillator characteristic are plotted. 

For an oscillator which has been designed with the effects of the load 
taken into account, optimum output power (and hence optimum elec- 
tronic-tuning range) will occur at the center of the Rieke diagram, that is, 
for a matched transmission line. The Rieke diagrams for all such 
tubes are similar to each other. In Fig. 2-8 is shown such a Rieke 
diagram as measured for a type 723A/B klystron with fixed reflector 
voltage. For reference purposes, the contour of a constant voltage 
standing-wave ratio of 1.5 in the output transmission line (1-in. X i-in. 
waveguide) is shown; it is a circle concentric with the origin. 
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It will be observed that a voltage standing-wave ratio up to 1.5 has 
very little adverse influence on the output power. As the phase of this 
standing wave is changed, the frequency of oscillation is ^^pulled.^^ At 
larger values of standing-wave ratio there is a region of the diagram, the 
'^sink,” for which the load is too heavy for oscillations to occur. But 
perhaps the most intriguing feature of Fig. 2*8 is the region behind the 
sink, where for a given load (a given point in the diagram) there are two 
different stable amplitudes and frequencies of oscillation. Without 
going into details, this phenomenon only occurs when the actual load 
is some distance away from the oscillator. A given geometrical distance 



Fig. 2*8. — Rieke diagram for 723A/B reflex klystron (“250-volt mode’*). Region of 
no oscillation cross-hatched; region of double-valued operation lies behind the heavy dotted 
line. Line length from tube to load is lOX. 

corresponds at different frequencies to different electrical distances 
(wavelengths); and when this variation of electrical distance becomes 
appreciable over the range of frequencies shown in the Rieke diagram, 
the ‘‘long-line effect enters in as shown in the double-valued region of 
Fig. 2*8. 

By comparison of a number of Rieke diagrams like Fig. 2-8, all taken 
at different reflector voltages, it would become apparent that one very 
painful effect of long lines (or, of course, of any frequency-sensitive 
load) is to cause hysteresis in the reflector-mode shape. A corollary 
to this is the occurrence of frequency discontinuities as the reflector 
voltage is varied. For all such ailments, the principal cure is to keep 
the distance from tube to load small and to keep the standing wave 
which the tube sees small. 
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Variation of Characteristics from Mode to Mode . — All the comments 
up to the present point have had to do with what happens within a single 
mode, with no mention of the differences between the modes which 
are apparent in Fig. 2*4. One simple difference is obvious. It has been 
seen that all modes at optimum load are supposed to have the same 
width in radians of transit angle; but since the modes are closer together 
at low reflector voltage, this is a region of more radians per volt and 
hence of modes narrower in voltage. 

There are two much more basic differences between modes; namely, 
the maximum output power and the starting current for a given load 
are both inversely proportional to (n + f). The first point partially 
explains the variation of power from mode to mode in Fig. 2*4. The 
second says that the required optimum load is heavier for higher values 
of n, and hence that the electronic-tuning range is proportional to 
(n + f). Note that these comparisons of modes may not be carried 
out too closely in Fig. 2*4 when the same constant load is used for all 
modes. 

Dynamic Modulation Characteristics . — The foregoing sums up briefly 
the static amplitude and frequency characteristics which are relevant to 
modulations such as those of Fig. 2-5. It is to be expected that the 
application of such static characteristics to dynamic modulation must 
break down when sufficiently high modulation rates or sufficiently rapid 
transients are considered. The following comments represent what is 
known about these points. Amplitude modulation begins to depart 
from static behavior when times comparable to the decay time of the 
loaded resonant cavity or frequencies comparable to the bandwidth 
of the cavity are involved. Thus, for example, at optimum load, the 
higher the electronic-tuning range the shorter the pulse buildup time. 
Frequency modulation, on the other hand, so long as it is carried out 
with small deviations of frequency about the maximum-power point, 
involves no time rate of change in the energy stored in the circuit and is, 
therefore, unaffected by circuit Q. The first limiting frequency which is 
encountered is probably the time of electron reflection, which is usually 
smaller than the circuit decay time by at least an order of magnitude. 

2 « 4 . Frequency Mxiltiplication in Detector Crystals. — The end of the 
present section seems an appropriate place to summarize briefly the 
subject of frequency multiplication by means of detector crystals. 
This is a technique which is useful in working at a new frequency at which 
no electronic sources are yet available; it makes use of the distortion of an 
input sine wave in a rectifying crystal to generate harmonics of the input 
frequency. 

A typical arrangement for accomplishing this is shown in Fig. 2*9. 
There are an input and an output line from the crystal. The input 
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line is coaxial and so dimensioned that it supports only the lowest coaxial 
mode at the harmonic frequency in question; it is then fitted with chokes 
which prevent any harmonic power from flowing into this line. The 
output line, on the other hand, is a waveguide which can transmit the 
harmonic but will not transmit the fundamental frequency. Preferably, 
the output waveguide presents a match looking from the crystal. For 
best harmonic generation, the two adjustable short circuits are necessary 
to adjust the standing waves in the vicinity of the crystal. Roughly 
speaking, their optimum adjustment is such that the crystal presents a 

match to the harmonic waveguide, 
at low power levels. 

With careful construction, ad- 
justment, and selection of crystals 
such an arrangement has given a 
conversion loss of 10 db in going 
from 100-mw input power at 10,000 
Mc/sec to 10-mw harmonic power 
at 20,000 Mc/sec. Less careful 
operation would probably give a 
20-db loss; but the loss is diminished 
by use of a higher input power. 

2‘6. Specific Reflex-klystron Tube Types. — A number of refiex- 
klystron oscillators have been developed in recent years, mostly for use 
as local oscillators in superheterodyne receivers and as bench oscillators 
for test purposes. It is to be expected that eventually many of the 
currently available types will become obsolete. It nevertheless seems 
worth while to make a brief survey of the currently available types of 
tubes and their characteristics, both as an aid to prospective users and 
as a means of illustrating the foregoing discussion. 

The properties of the tubes to be discussed are summarized in Table 
2*1. An effort has been made in this table to give data corresponding 
to typical operation of typical tubes; the beam voltages and the currents 
are thus usually less than the maximum rated values, and the output 
power and the electronic-tuning range are in most cases some 30 to 50 
per cent higher than the values required to pass the manufacturer's 
test specifications. A number of details relevant to the use of such tubes 
are omitted here and are available in the technical information sheets of 
the respective manufacturers, which should be consulted in any case 
before actually using the tubes. 

When output power, electronic-tuning range, and electronic-tuning 
rate are given for a single frequency in the tuning range of the tube in 
question, this is so noted in the column headed ** Notes''; additional 
comments on frequency dependence will usually be found in the text. 



Fig. 2*9. — R-f circuit for frequency doub- 
ling in crystal detector. 
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Notes 

^M60-volt 

mode” 

“ 100-volt 
mode” 

3500- 

Mc/sec data 

Mfr. 

BTL 

WE 

Ra3^theon 

WE 

WE 

WE 

BTL 

WE 

BTL 

WE 

BTL 

BTL 

WE 

Raytheon 

Electronic 
tuning rate, 
Me /sec per 
reflector 
volt 

i 

2.2 

4.2 

j 0.9 

1.7-0. 7 

0.85 

0.60 

Electronic 

tuning 

range, 

Me /sec 

45 

65 

30 

35 

30 

48-34 

• • c3 8 

Power 

output, 

mw' 

28 

23 

120-200 

70-155 

no 

75-150 

(75) 

(40) 

(25) 

70 

no 

Reflector 

voltage, 

volts 

1 

1 110-170 

60-110 

90-130 

90-130 

130-165 

90-172 

no 

230 

Beam 

current, 

ma 

!' 

22 

22 

22 

22 

22 

22 

22 

22 

25 

Beam 

voltage, 

volts 

300 

300 

300 

300 

300 

ii i 

Frequency 

range, 

Mc/sec 

1 8500-9660 

2700-2960 

2880-3175 

3175-3410 

3400-3900 

4300-4900 

5200-5570 

6250-7060 

1200-3750 

Type no. 

2K25 

(723A/B) 

726C 

726B 

726A 

2K29 

2K22 

2K27 

2K26 

2K28 

(707B) 



Table 21. — Summary of Reflex Klystron Characteristics. — {Continued) 
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Notes 

Vo = 4-40 
Vq = 4-20 

Thermally 

tuned 

Thermally 

tuned 

Mfr. 

Sperry 

Sperry 

Sperry 

Sperry 

Sperry 

Sperry 

Sperry 

BTL 

WE 

Raytheon 

BTL 

WE 

BTL 

Sperry 

BTL 

Sperry 

Electronic 
tuning rate, 
Me /sec per 
reflector 
volt 

•^2 «OQ t^iOCOCOCO 

OC^ C^iocOO^C^OOt^ • 

OO OOOOOOOOO 

Electronic 

tuning 

range, 

Me /sec 

CO 

coot) oococ<ir>-ococo^ 

Power 

output, 

mw 

450 

55-35 

350 

270 

70 

600 

600 

700 

1500 

1500 

30 

20 

10 

20 

10 

Reflector 

voltage, 

volts 

380 

50-180 

600 

350 

40 

< 750 

< 750 

< 750 

< 600 
< 600 

95-145 

100 

60-80 

75-300 

50-350 

Beam 

current, 

ma 

o - ^ 0>0»01000‘0 Q 0 (N O CS 

lO - r-tr^Tt^^COCOCS r-H rH 

Beam 

voltage, 

volts 

1000 

400 

1250, 

700 

1250 

1250 

1250 

1000 

1000 

300 

1800 

300 

1000 

1250 

Frequency 

range, 

Me /sec 

2650-3320 

7500-10300 

3300-4200 

4200-5700 

5700-7500 

770-970 

950-1150 

8500-9660 

23600-24400 

23500-24500 

3000-5000 

5000-10000 

Type no. 

2K41 

(417A) 

2K39 

(419B) 

2K42 

2K43 

2K44 

3K27 

3K23 

2K45 

1 

2K33 

2K50 

2K48 

2K49 
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When the behavior is known to be approximately uniform over the band 
(for example, ±15 per cent), a single average characteristic is given; 
otherwise the values at the lower and upper frequency limits of the band 
are given, in that order. When the data given cover a band of fre- 
quencies, as just discussed, the mean reflector voltages for the mode in 
question are given in the same order. These voltages are all negative 
with respect to cathode. Data are given only for the preferred or more 
commonly used reflector modes. There is usually considerable scatter 
about the stated voltages from tube 
to tube because of mechanical toler- 
ances in reflector spacing. The elec- 
tronic-tuning rate given is the average 
value for the electronic-tuning range, 
that is, electronic-tuning range divided 
by the difference between the half- 
power reflector voltages. 

The abbreviations used under 
‘^Manufacturer’’ are, in full, as 
follows: 

BTL — Bell Telephone Laborato- 
ries, 463 West St., New York, N.Y. 

WE — Western Electric Co., 120 
Broadway, New York, N.Y. 

Sperry — Sperry Gyroscope Co., 

Great Neck, N.Y. 

Raytheon — Raytheon Mfg. Co., 

Waltham, Mass. 

2‘6. The 723 Family of Reflex 
Klystrons. — The first eight tubes in 
Table 2T form a family of oscillators 
which are nearly identical in external 
appearance (ste Fig. 2T0) and differ 
primarily in the size of the frequency- 
determining resonant cavity. This 
resonant cavity lies completely within 
the metal vacuum envelope so that these differences in size are 
not apparent externally. The frequency of oscillation is varied by 
turning a tuning screw which flexes the tuning bows on the side 
of the tube. This motion is transmitted to one of the grids forming the 
cavity gap, and in the process part of the vacuum envelope (and cavity 
wall) is slightly distorted. The reflector voltage is applied to the top cap. 
The r-f output lead is a coaxial line which passes out through the tube 
base at the usual position of the No. 4 pin. A schematic diagram of the 



Fig. 2-10. — External view of the 
type2K25 reflex klystron. Note coaxial 
output lino protruding through the base. 
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tube construction is shown in Fig. 2*11. More details concerning 
mechanical properties and r-f connections will be given after a discussion 
of the electrical properties. 

The first tube of this series was the early form of the 2K25, the 723. 
There are two main differences between the 2K25 and the 723A/B: 
the 2K25 has a slightly wider tuning range and meets a minimum output- 
power specification of 20 mw throughout the band rather than at 9380 



Mc/sec alone, as is required of the 723 A/B. The 723 A/B is presumably 
obsolete. 

All the tubes of this family operate at a normal voltage of 300 volts 
and a beam current averaging 22 ma. Modes of oscillation occur in 
the range of reflector voltage from 0 to 300 volts negative with respect 
to cathode. In this range there occur four or five modes in the 2K25 
and two or three in the 726 and 2K29. In the 2K25, the two most 
commonly used modes are the ‘^100-volt mode^^ and the “160-volt 
mode” so called from their mean position for an operating wavelength 
of 3.2 cm. In the 2K29 and 726, the phenomenon of electronic-tuning 
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hysteresis — which is present to a slight degree in the 2K25 — ^becomes 
much more troublesome. Design features incorporated in the tubes to 
minimize this effect are not equally effective for all modes; therefore, 
in the 2K29 and the 726 there is a single recommended mode. A scatter 
of roughly ± 30 volts about the quoted reflector voltages may be expected 
from tube to tube in this family. 





Fia. 2-12. — Schematic diaRram of 2K25-to- waveguide socket and mount. Note the 
insulating bushing between waveguide and the tube for 2K25 output coaxial line; this acts 
as part of a choke joint and also serves to provide d-c insulation of the 2K25 from ground. 

The 2K25 and 2K29 have been ''preplumbed/' by which it is meant 
that the r-f output leads have been designed to provide best oscillator 
performance when the tube works into a specified standard matched 
transmission line, as will be discussed shortly. The 726A, B, and C 
are not preplumbed, and if used with the r-f output fittings which are 
standard with the 2K29, require a matching transformer to obtain 
maximum output power. 

The 2K22, 2K27, and 2K26 have been made only in limited produc- 
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tion and their properties are not so well defined as those of the tubes 
just discussed; therefore, only an approximate output power is indicated 
in Table 21. 

The standard — and obvious — method of coupling power from the 
2K25 to the 3-cm waveguide is indicated schematically in Fig. 2*12. 
The coaxial output line extends through a clearance hole in a conventional 
tube socket and projects into the waveguide in a direction parallel to 
the EAines] the outer conductor of the line is then flush with the inner 
wall of the waveguide. For better electrical contact the connection 


® Max. clearance 0.005" 



Fig. 2- 13. — Recommended adapter from output line of 2K29 klystron to A-in. 50- 
ohm coaxial line (type N fitting). When this 50-ohm line is matched, optimum load is 
presented to the klystron. All metal parts are silver-plated brass. The dielectric is 
polystyrene. 

between waveguide and outer conductor is a choke joint. If the wave- 
guide is matched, the mount shown in Fig. 212 loads the 2K25 to maxi- 
mum output power. It should be noted that any motion of the tube in 
its socket will change coupling and output power, and that any surface film 
of dirt on the polystyrene bead at the end of the coaxial line will cause 
r-f losses. 

At 10 cm, for which the 726 and 2K29 tubes are designed, waveguide 
is not commonly used for these low powers. An adapter from the small 
^-in. line on the tube to some more standard line is therefore indicated. 
In Fig. 2- 13 is shown an adapter to standard A-in. 50-ohm coaxial line, 
as recommended by the manufacturer. The 2K29 puts out practically 
its maximum power into a matched 50-ohm line through this adapter, 
and this is the condition under which the data in Table 2*1 were taken. 
The 726A, B, and C, as already noted, require an impedance transformer 
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to obtain the output power listed in the table. The electronic-tuning 
range quoted for the 726C corresponds to the load adjusted for maximum 
output power, while for the 726A and B it was obtained with the tube 
working into a matched 70-ohm line. 

2«7. The Type 2K28 Reflex Klystron. — The next tube in Table 2-1 is 
the 2K28, the only one of those listed in which the resonant cavity does 
not lie completely within the vacuum. It is electrically comparable 



Fi(}. 2-14. -Typt 2K28 vacuum tube, showing copper disks protruding through glass 
vacuum envelope. In use, these disks are clamped to remainder of oscillator circuit, as in 
Fig. 216. 

to, but chronologically earlier than, the 2I'C25 family. In the 2K28, 
as may be seen in Fig. 2T4, two copper disks that form part of the cavity 
walls project through the glass vacuum envelope; the surfaces which 
complete the cavity, of whatever form the surfaces may be, make con- 
tact with these projecting copper disks. One of the principal advantages 
of this construction, aside from ease of manufacturing, is the freedom 
it gives for choice of the external part of the resonant cavity to suit 
the application and the desired frequency of operation. Thus, although 
the most general application has been at the 10-cm band and above 
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2000 Mc/sec, oscUlations have been obtained down to nearly 1000 Mc/sec 
by proper choice of external cavity. Near this frequency the (n — 1)- 
mode approaches zero reflector volts; and although the (n == 0)-mode 
may be operated at some frequencies below 700 Mc/sec, it is very 



8 10 12 14 16 18 20 22 

X in cm 

Fig. 2*15. — Reflector mode pattern for 
the type 2K28 klystron: dependence on 
wavelength of the reflector voltages at 
which the mode centers occur. 


unsatisfactory. 

The 707B is an earlier form of the 
2K28 which differs from it only in 
mechanical respects, being about H 
in. longer and having slightly more 
drift of frequency with temperature 
in certain external cavities. In elec- 
tronic characteristics and in dimen- 
sions relevant to the attachment 
of the cavity, the two types are 
identical. The most usual operating 
voltage for the 2K28 is that given 
in Table 2-1, 250 volts. The tubes 
the electronic-tuning range is almost 


may be operated at 300 volts but 
unaltered and the output voltage does not increase so fast as the input 
voltage. In the vicinity of 3000 Mc/sec there are two convenient modes 
corresponding to w = 2 and w = 3. Both have about the same elec- 
tronic-tuning range; the (n = 2)-mode is, as usual, higher in output 



Fio. 2-16. — Tunable cavity for the typo 2K28 klystron for the 8- to 12-cm region. 
Tuning is accomplished by motion of the sliding plungers at either end of the cavity, which 
is rectangular in form. 

power and the (n = 3)-mode is higher in electronic-tuning rate. In 
Fig. 2*15 there is shown a typical relation between reflector voltage and 
wavelength for the various modes of oscillation of a 2K28. The most 
generally useful external cavity for use with the 2K28 over the 2500- 
to 3800-Mc/sec range is that shown in Fig. 2- 16. This covers the stated 
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range by motion of the two sliding plungers in a rectangular waveguide, 
in the center of and transverse to which is clamped the vacuum tube. 

For the much less frequent use at longer wavelengths the resonant 
cavity has usually consisted of a coaxial line folded back on the tube. 
One of the difficulties with such a circuit is a tendency toward oscillator 
operation in harmonic modes of the circuit, but this difficulty is not too 
serious since such modes of oscillation do not usually occur at the same 
reflector voltage as the fundamental mode. Electronic-tuning hysteresis 
is also somewhat greater with the (n = 0)- and (n = l)-modes used at 
longer wavelengths. 

2‘8. The Type 417 Family. — Following the 2K28 in Table 2*1 is 
another sizable homogeneous family, the 2K41 (or 417A), the 2K39 



Fi(j. 217. — External view of the type 2K41 reflex klystron. 

(419B), and a series of tubes intermediate in frequency between these two 
(the 2K42, 2K43, and 2K44). This family of tubes covers band 
2650 to 10,300 Mc/sec. Primarily a higher-voltr ge, higher-power, and 
more stable type of tube than those so far discuosed, they operate at a 
maximum beam voltage of 1250 volts, at which the normal beam current 
is 45 ma. As is apparent in Table 2*1, the high beam impedance acts to 
diminish the electronic-tuning range and electronic-tuning rate; the 
higher d-c input voltage produces output powers of the order of i to 
f watt. 

The 2K41, to which the other tubes of this family are externally 
quite similar, is shown in Fig. 217. The resonant cavity is completely 
enclosed by the metal vacuum envelope; its frequency is adjusted by a 
change in cavity-gap spacing accompanied by flexing of a diaphragm 
which is part of the cavity wall. This tuning is effected by relative 
motion of the two tuning rings which may be seen in Fig. 2-17; this 
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motion is controlled by a tuning knob. The solid and heavy construc- 
tion of the tube and tuner contributes to mechanical and thermal stability. 

In the 2K41, adjustment of the tuning knob alone covers the specified 
frequency band ; in the other tubes, adjustment of the tuning knob alone 
covers about one-third of the total range, and the tuning screws must be 
adjusted to set the center point of this restricted range. This change to 
the full-range tuner distinguishes the 2K41 from the 417A which it 
supersedes. The latter also has a beam-voltage maximum of 1000 volts; 
otherwise the two differ only in minor details. The 2K39 and the 419B 
differ only in name. The output leads are in each case a coaxial line 

with a type SKL fitting. An 
adapter, JAN type UG-131/U, 
converts this to a type N fitting; 
or plugs JAN types UG-275/U 
and UG-276/U are used to go 
directly to JAN type RG-5/U 
flexible coaxial cable. The 2K41 
has two output leads, the other 
tubes have one. None of the 
tubes are preplumbed, so that a 
coaxial matching transformer is 
used to obtain the optimum out- 
put data indicated in Table 21. 
With the 2K39, an adapter pro- 
viding a matched transition from 

F.«. 2-i8.-Schen!atic dia«ra.n of matched ^oaxial line to Waveguide is needed 
transition from A-in. 50-ohm coaxial line in addition; SUCh a transition IS 
(type N fitting) to i-iii. by i-iu. waveguide. 2*18. Since coaxial 

lines and coaxial transformers are lossy in the frequency range of the 
2K39, the best arrangement for the 2K39 is probably one using as 
short a section of line from tube to waveguide as possible, followed by a 
matching transformer in the waveguide. 

All of these tubes have control electrodes in the electron gun; the 
corresponding applied voltage Va is given under ^'Notes^^ in Table 2T. 
In the 2K41 this control electrode is a fine mesh control grid with a high- 
fx action; this control grid normally runs between 0 and +50 volts with 
respect to cathode. In the other tubes the auxiliary electrode is a 
focus ring which is normally run at cathode potential, but which has 
its own base pin so that it may be run at a nonzero voltage if control 
over the current is desired; this focus ring has a very low-/x action. 

The electronic-tuning range and the output power quoted for the 
2K41 at 1000 volts are not increased appreciably if the voltage is raised; 
nor do they drop very much if the voltage is lowered to 800 volts, but 
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if this is done, the necessary reflector voltage rises another 100 volts. 
The unusually low electronic-tuning rate of 0.04 Mc/sec per volt on the 
reflector should be noted. 

The data given for 400 volts for the 2K41 correspond to the (n = 4)- 
mode, the mode which behaves in the most constant manner over the 
band. In the lower half of the stated frequency range, the (n = 3) -mode 
(180 to 380 reflector volts) has some 40 per cent more power and 55 per 
cent less electronic-tuning range. 

The data for the 2K39 are self-explanatory. At 1250 volts there are 
two good modes; the (n = 5)-mode provides a marked increase of 
electronic tuning at little cost in output power. Output power is still 
appreciable in the {n = 9) -mode at 700 volts, but drops off very rapidly 
below this because of the coarseness of the tungsten vane grids which 
constitute the cavity gap. The data shown are for 9350 Mc/sec, near 
the upper end of the frequency band, because this is where the data are 
the most reliable and the applications most numerous; data at 8400 
Mc/sec are closely similar to those shown. Output power and electronic- 
tuning range are higher at the center of the band and are dropping off 
rapidly at 9350 Mc/sec. 

The 2K42, 2K43, and 2K44 are much newer tubes than the 2K41 
and 2K39. They are very similar in all details to the 2K39, from which 
they are derived. 

2*9. The Types 3K23 and 3K27. — In a sense, the 3K27 klystron 
shown in Fig. 2T9 and the 3K23 are members of the 2K41-2K39 family 
although they operate in the frequency range 770 to 1150 Mc/sec. 
They have the same general tuning arrangement and mechanical con- 
struction, somewhat enlarged because of the longer wavelength. Like 
the 2K41, they have a tuner which covers the whole frequency range by 
rotation of a single knob without other adjustments. The electron gun 
has a somewhat lower beam impedance (higher perveance) and normally 
operates at 1000 volts, 60 ma, with the low-/i focus ring connected to 
cathode. The 3K27 and 31^3 are not preplumbed; the output lead is a 
coaxial line of the same type as is used in the 2K41. Output power and 
electronic-tuning range average U watts and 6 Mc/sec over the tuning 
range. There is occasional electronic-tuning hysteresis. 

2*10. The Type 2K46. — Both of the first two families of tubes dis- 
cussed (the 723 and 417 families) included tubes at some or all of the 
frequencies between the 10-cm and the 3-cm bands. Both families are 
mechanically tuned and differ electronically in the features emphasized. 
A third type of tube is available in the 2K45, which is electronically 
quite similar to the 2K25 but is radically different in method of tuning. 
It is very likely that tubes similar to this type will be developed at other 
frequencies, thus building up a third family. The 2K50, to be discussed 
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shortly, is not quite in this same family, although it uses the same basic 
method of tuning; perhaps it is a first cousin to the 2K46. 

The frequency of oscillation of the 2K45 is adjusted by the process 
of ‘‘thermal tuning''; by this is meant that the necessary mechanical 
distortion of the resonant circuit is produced by the thermal expansion 
of a tuning element. In the 2K45 and 2K50, the thermal expansion 
of this element is amplified mechanically before being applied to the 
resonant circuit. The thermal element is the plate of a “thermal tuning 
triode" which is built within the vacuum envelope which encloses the 





Fia. 2*19. — External view of type 3K27 reflex klystron. Note single-knob parallel-motion 

tuning mechanism. 

oscillator; the anode and cathode of this triode are tied to the anode 
(resonator) and cathode of the klystron, respectively; a negative control 
grid varies the current flow to, and thus the temperature of, the thermal 
element. This control of frequency by a high-impedance electrode is a 
very desirable feature for circuit applications. A photograph of the 
tube is shown in Fig. 2*20. 

In the 2K45, the thermal triode draws a maximum current of 20 ma 
at 300 volts, or 6 watts dissipation. This maximum current occurs at 
control-grid voltage about —5 volts with respect to cathode; —35 
volts on the control grid reduces the thermal-anode current nearly to 
zero. This range of thermal control tunes the frequency at least over 
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the specified range 8500 to 9660 Mc/sec; and if, after the frequency has 
stabilized at one of these two limits, the tuning current is suddenly 
shifted to its maximum or minimum allowed value corresponding to 
the vicinity of the other end of the frequency scale, then the frequency 


is changed at such a rate that the speci- 
fied range 8500 to 9660 Mc/sec is cov- 
ered in not more than nine seconds. 

As already noted, the 2K45 is elec- 
tronically similar to the 2K25, although 
not identical to it. Electronic-tuning 
hysteresis has been practically elimi- 
nated for the 120-volt mode and the r-f 



Fig. 2*20. — External view of the type 2K45 
reflex klystron. Note the coaxial output lead 
extending through the base, and the absence of 
external tunin g mechanism. 



Fig. 2-21. — Schematic diagram of 
the type 2K33 reflex klystron. Rec- 
tangular waveguide leading from the 
radial transmission line is not shown. 


output line has been very much improved electrically. The 2K45 is 
designed to operate into a mount such as that of Fig. 2T2. 

2'11. One -centimeter Reflex Klytsrons. — The next two tubes in 
Table 2*1, the 2K33 and the 2K50, operate at 1 cm (24,000Mc/sec). 
The 2K33 is a high-voltage mechanically-tuned tube of simple construc- 
tion which lends itself to quantity production. The 2K50 is a low- 
voltage thermally-tuned tube; both these features render the fabrication 
somewhat more complicated than that of the 2K33. 

A schematic diagram of the 2K33 is shown in Fig. 2*21. This tube 
utilizes the same type of copper-disk construction as does the 2K28, with 
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a radical difference: the glass seal comes not inside the resonant cavity 
itself, but rather in a region outside the cavity which may be considered 
to be part of an impedance-matching transformer between the cavity 
and the rectangular-waveguide transmission line. Coupling out of the 
cavity is done by means of a quarter-wavelength section of radial wave- 
guide formed by an indentation of corresponding length in one of the 
disks. The remainder of the impedance transformer is another section 
of radial waveguide bounded by a metallic wall formed by clamping 
a thick plate between the opposing disks. Out of this radial waveguide 
leads the usual rectangular waveguide. The present production tubes 
have, as an aid to impedance-matching, an addi- 
tional section of rectangular waveguide dia- 
metrically opposed to the output line, and 
short-circuited by a movable plunger, called the 
^^back plunger.'' The tube is tuned by a knob, 
the rotation of which causes flexing of one of the 
disks in the region of the impedance transformer, 
and thus causes a change in the cavity-gap spacing. 

As an aid to focusing the beam through the 
very small hole (0.028-in. diameter) which forms 
the cavity gap, the electron gun has a focusing 
electrode. On current production tubes, there is 
stamped an optimum value of beam current 
(approximately 8 ma) for the operating beam volt- 
age of 1800 volts; the focusing electrode voltage 
should be adjusted to give this current. 

With proper values of beam current and adjust- 
ment of the back plunger, the output power and 
electronic range are quite uniform over the band. 
The tubes work into a matched load once the back plunger is adjusted. 

In early tubes there was troublesome electronic-tuning hysteresis, 
which has since been removed by a change in design. There is still, 
however, some ^ thermal hysteresis"; the final distribution of beam 
current on the disks depends on reflector voltage, and the tube parts in 
the neighborhood of the beam have such small heat capacity that, if the 
reflector voltage is swept at 60 cps, a noticeable difference in the fre- 
quency of oscillation occurs at a given reflector voltage, depending on 
the direction of approach. This difference disappears with a 1000-cps 
sweep. 

In contrast to the 2K33, the 2K50 achieves operation at a beam 
voltage of 300 volts by the use of fine tungsten grids for the cavity gap; 
this allows a larger beam and a smaller transit distance through the gap. 
An external view of the 2K50 is shown in Fig. 2*22; a schematic cross 



Fig, 2*22. — External 
view of type 2K50 reflex 
klystron. Note choke 
joint and glass window 
where the output trans- 
mission line passes 
through vacuum envelope 
at top of tube. 
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section is shown in Fig. 2-23. The output power is coupled directly to a 
tapered waveguide through an insert in the side of the cavity ; the output 
waveguide ends at a choke flange inside a glass window which is at the 
top of the tube and is part of the vacuum envelope; in operation this 
window is butted up against another waveguide choke joint. 

Tuning the frequency of oscillation is accomplished, as in the 2K45, 
by expansion of a thermal element which is the plate of a thermal tuning 
triode. The maximum power drawn by this thermal element is three 
watts. A variation of the thermal-triode control-grid voltage over the 
range 0 to —30 volts with respect to cathode covers a tuning range at 
least 60 per cent greater than the tuning range specified in Table 21 
for r-f operation, 23,500 to 24,500 Mc/sec. If the control-grid voltage 
is suddenly changed from one to the other of the two values which cor- 
respond statically to this 60 per cent enlarged tuning range, the frequency 
passes through the 23,500- to 24,500-Mc/sec range in about two seconds. 
For the reflector mode specified, electronic-tuning hysteresis has been 
reduced almost to the vanishing point. 

2«12. The Types 2K48 and 2K49. — The last two tubes in Table 21, 
the 2K48 and 2K49, together cover the frequency band from 3000 Mc/sec 



Fig. 2-24. — Cut-away view of the 2K49 tube. 


to 10,000 Mc/sec; 3000 to 5000 Mc/sec is the operating range of the 
2K48, 5000 to 10,000 Mc/sec that of the 2K49. In order to allow the 
tuning of the oscillator circuit over these wide bands, these oscillators 
are of the external-cavity type; the construction of the vacuum-tube 
part of the oscillator is such as to make convenient a resonant circuit 
which is a coaxial line enclosing the reflector leads. Sectional views 
of the vacuum tube by itself and placed in its associated coaxial cavity 
are shown in Figs. 2-24 and 2-25. 

A single reflector mode, that for which n = 1, provides the optimum 
operation over the 3000- to 6000-Mc/sec band in the 2K48; the reflector 
voltage at which this mode occurs increases from 75 to 290 volts as the 
frequency is varied. In the 2K49 no one mode covers the whole band; 
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three modes corresponding to n = 1, 2, and 3 must be used. The cor- 
responding reflector voltages range between 50 and 350 volts. The 
maximum beam voltage is 1500 volts for each tube. 

The center conductor of the coaxial resonant cavity is an integral 
part of the vacuum tube. A resonant cavity of the type shown in Fig. 
2-25 will of course resonate at a given frequency at a number of different 
plunger settings; the shortest possible cavity length consistent with 
mechanical requirements should be used. With the optimum inner 
diameter of one inch for the outer conductor of the coaxial line, the mode 
of oscillation with a cavity length of a quarter wavelength is used in the 
2K48 and the mode with a three- 
quarter-wavelength cavity is used 
in the 2K49. 

2-13, Reflex-klystron Power 
Supplies. — The general character- 
istics required of power supplies to 
operate these microwave oscilla- 
tors are apparent. There are two 
principal voltages to be supplied 
— the beam voltage and the reflec- 
tor voltage. The latter is applied 
to an electrode which normally 
draws only a few microamperes 
of current. Since the anode in a 
klystron is a somewhat sizable 
resonant circuit which usually 
forms part of the vacuum enve- 
lope, it is common practice to operate klystrons with the anode grounded. 
This may always be avoided if necessary, with a degree of inconvenience 
varying from tube to tube. Thus in the 2K25 (see Fig. 2* 10) it is fairly 
simple to insulate the coaxial output line from the (grounded) waveguide 
into which this output line is inserted. The power supplies which will be 
discussed in detail are of the conventional type with high negative voltage. 

As to other power-supply requirements, each tube of course requires 
a heater supply (6.3 volts alternating current); in addition, the type 
2K41 normally requires a small positive control-grid voltage. Since 
one of the characteristics of the reflex klystron is sensitivity of frequency 
to beam and reflector voltages, these voltages must be regulated to a 
fraction of a volt. In addition to these necessities of life, it is very 
convenient to have included in the power supply some means for the 
square-wave amplitude modulation so commonly used in measurements. 

Two power supplies which have been developed for reflex klystrons 
and which have received considerable use will be discussed shortly. 



Fig. 2*25. — Arrangement of the 2K49 
tube ill its associated coaxial cavity. The 
tuner drive and support are not shown. 
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These power supplies use the conventional procedure of using a stepup , 
transformer at line-frequency, then rectifying and regulating the trans- 
former output voltage. Before launching into the details of these sup- 
plies, however, attention should be called to the so-called ^‘r-f power 
supplies'^ which are discussed at more length in Vol. 22 of this series. 
In these supplies an unregulated low voltage is used to drive an r-f 
oscillator at a frequency of, for example, several megacycles per second. 
The tank coil of this oscillator serves as the primary of an air-core 
stepup transformer operating at radio frequency; the resulting high r-f 
voltage is then rectified in the usual manner to give high d-c voltage. The 
principal advantage of this scheme is the use of a small and light air-core 
transformer. 

Returning to the subject of more conventional power supplies, it 
will be observed from Table 2*1 that a large number of the tubes there 
listed may be operated at 400 volts or below. For such tubes a very 
satisfactory power supply has been found to be the type TVN-7BL.^ 
The output beam voltage of this supply is adjustable between 280 and 
480 volts; this range is easily changed to 180 to 300 volts. The reflector- 
voltage range is — i5 to —210 volts with respect to cathode. A positive 
control-grid voltage is available for the 2K4L A multivibrator type 
of square-wave generator with adjustable frequency is built into the 
supply, and its output voltage may be applied either to the control grid 
or to the reflector of the klystron. 

A circuit diagram of this supply is given in Fig. 2*26. The main 
power supply, working from the two transformers Ti and T 2 and a full- 
wave rectifier Fi, is separate from the square- wave modulator power 
supply which works from transformer Tz and the full-wave rectifier F2. 

Control of the output voltage of the main supply is accomplished by 
tubes Vz and ^4, a 6Y6G and a 6SJ7, respectively. The former acts 
as a current-regulator tube, the grid voltage of which is determined by 
the plate current of the fiSJ7 flowing through the bias resistor, R 2 . 
An increase in the power-supply output voltage raises the grid voltage 
and plate current of the 6SJ7; the increased drop in R 2 changes the 
grid voltage of the 6Y6G negatively. For a given current delivered to 
the klystron cathode, this change in grid voltage must be countered 
by an increase in the drop across the 6Y6G; with proper circuit adjust- 
ment, this restores the output voltage to its original value. 

The voltage which appears at the grid of the 6SJ7 is the difference 
between a positive voltage, taken from a voltage divider across the 
output voltage, and the fixed negative bias provided by F5 and F«, two 
0C3/VR105 voltage-regulator tubes. The constant bias provided by 
these regulator tubes — ^in particular the independence of this bias on 

‘ Manufactured by Browning Laboratories, Inc. Winchester, Mass. 
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6SJ7 plate current — is essential to the operation of this system. Adjust- 
ment of the bias, by means of the variable resistor provides the means 
of controlling the output voltage of the power supply within the limits 
of 290 and 480 volts. If the resistors Ra and jBb are short-circuited, the 
output voltage range is 180 to 300 volts. 

The variable resistor Re adjusts the feedback to the control tube and 
must be adjusted for the amount of feedback giving the best regulation. 
This adjustment, if impaired, is easily repeated by setting Rz to give 
approximately the desired output voltage, then varying the input a-c 
voltage with a Variac. Re is then adjusted until the input variation 
produces no output variation. 

As will be seen from the circuit diagram, the regulated reflector voltage 
is obtained by tapping off from a voltage divider placed across the two 
VR tubes. 

The voltage supply for the square-wave modulator is regulated by 
tube Fg, a 0D3/VR150. Tube Ft, a 6SN7, and its associated circuit 
form a conventional multivibrator consisting of a two-stage resistance- 
capacitance-coupled amplifier with the output leads of the second stage 
connected to the input leads of the first. The dual adjusting control 
of the grid returns, /? 7 , adjusts the frequency of operation. In order to 
prevent the load from affecting the multivibrator frequency, the output 
voltage is taken from the buffer amplifier Fs, a 6V6 tube, which is in 
turn excited by the multivibrator. 

This multivibrator may be synchronized with an external oscillator, 
by injecting a synchronizing voltage at Ji. Such synchronization is 
of course not necessary for operation. 

The square-wave output voltage of the multivibrator is applied either 
.to the klystron grid or to the'fefiector by switch Si, and is capacitively 
coupled to these electrodes. 

The one-megohm resistor in series with the reflector should be noted. 
This resistor is very convenient, but it means that one microampere 
flowing to the reflector will cause a one-volt change in reflector potential ; 
hence the presence of resistor Re which keeps the reflector voltage at 
least 15 volts negative with respect to the cathode. At any reflector 
voltage there will be a few microamperes of reflector current caused 
by gas and leakage, but all tubes are required to pass close specifications 
on this leakage current. 

- In operating the high-voltage tubes, such as the 2K39, the power- 
supply problems are somewhat more complicated in detail although not 
in principle. In Figs. 2-27 and 2*28 are shown, respectively, the high- 
voltage power supply and the associated modulation circuits of a satis- 
factory power supply for these voltage^as used in the SX-12 Klystron 
Signal Generator.^ The power supply and modulation circuits are 
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shown in two figures as a matter of convenience. In Fig. 2*27, the 
schematic diagram of the high-voltage power supply and the leads 
for the output voltages which are eventually applied to ^the klystron are 
shown. In Fig. 2*28 the actual 'connections to the klystron socket are 
indicated. 

Aside from the changes in tubes and components made necessary 
by the increased klystron current and voltage ratings, and aside from 
the time-delay relay arrangement, which is shown in Fig. 2-27, the elec- 
tronically regulated high-voltage power supply of Fig. 2*28 is basically 
the same as that shown in Fig. 2*26 for the TVN-7BL power supply. 
Electronic voltage regulation is achieved in an identical manner by use 
of a regulator tube, the control grid of which is activated by a regulator 
amplifier; this regulator-amplifier tube in turn has its cathode voltage 
held at a given reference level by a VR tube. The same regulator- 
feedback adjustment is provided for compensating large line-voltage 
changes which alter VR tube characteristics. 

In the TVN-7BL, the klystron cathode was connected to the cathode 
of the regulator amplifier and a (positive only) klystron-control-electrode 
voltage was derived from the same voltage divider which supplied the 
regulator-amplifier-grid voltage. The SX-12 is intended to be used with 
certain tubes (for example, 2K41, 2K39) which, in the aggregate, require 
that the power supply must therefore produce both positive and negative 
klystron control-electrode voltages. Hence the klystron cathode is now 
connected to the cathode of the regulator reference VR tube, and positive 
or negative control-grid voltages are derived by potentiometers across 
adjacent VR tubes. The regulated reflector voltage is similarly derived 
by potentiometers across VR tubes, as in the TVN-7BL, but, because a 
large negative reflector voltage is useful in obtaining the high-power 
modes of the type 2K39 klystron, five OD3/VR150’s are used in series. 
A coarse switching adjustment and a fine potentiometer control of the 
reflector voltage are indicated in Fig. 2*27; padding resistors in the 
switching arrangement provide overlapping of the voltage ranges. 

The resultant electrical characteristics of the output high voltage, 
as quoted by^the manufacturer of the SX-12 klystron signal source, are as 
follows: beam voltage, +750 to +1250 volts at a maximum beam current 
of 50 ma; regulation, ±0.2 volts; ripple, 0.2 volts peak to peak; reflector 
voltage, 0 to —750 volts at a maximum reflector current of 1 ma; regula- 
tion, ±0.5 volts; ripple, 0.2 volts peak to peak. In connection with 
these characteristics, it is particularly to be noted (see Fig. 2*28) that, 
as in the TVN-7BL, a high resistance is provided in series with the 
reflector as an aid to reflector-voltage modulation. Thus, if reflector 

‘ Manufactured by the Sperry Gyroscope Co., Great Neck, N.Y. 
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current above a few microamperes flows, undesirable reflect or- voltage 
and frequency modulation results. 

In Fig. 2*28 is shown a square-wave modulation circuit which has 
been developed for use with the klystron for which the high-voltage 
power supply of Fig. 2-27 is used; since some of these klystrons have modes 
of oscillation several hundred volts wide under conditions of maximum 
output power, a high-amplitude square wave is required for modulating 
these tubes. The square-wave generator shown has its own VR-tube- 
regulated voltage supply; the output square wave is provided by a multi- 
vibrator, amplifier, and square-wave shaper and clipper. The resultant 
square wave has times of rise and fall each equal to one microsecond. 
The frequency of the output square wave may be varied from 350 to 
3500 cps by adjustment of the variable resistor indicated in Fig. 2*28. 
The amplitude of the square- wave modulation may be varied from 0 to 
100 volts by adjustment of the indicated variable-resistance attenuator. 
The voltage square wave is capacitance-coupled to the reflector, with 
provision for switching to an external source of modulation if so desired. 

If at any time during the modulation cycle the reflector is operated 
at a positive voltage with respect to cathode, sizable current will be 
drawn by the reflector. This is bad for several reasons. In the first 
place, heating of the reflector electrode and liberation of gas may take 
place. Even worse, when electrons are collected on a reflector which 
has a ratio of secondary electrons produced to primary electrons incident 
greater than unity, a net flow of electrons from reflector to anode may 
result. The net flow may cause the reflector to remain positive with 
respect to cathode regardless of any subsequent voltage modulation 
applied to the other end of the high resistance which is directly in series 
with the reflector. This is not only hard on the tube, but also output 
characteristics become very puzzling to the user, who thinks he knows 
what modulation he is applying to the reflector. Fig. 2-28 shows a 
diode clipper tube connected from cathode to reflector; this counteracts 
any reflector secondary emission and also prevents the reflector from 
becoming appreciably positive during modulation. 


FREQUENCY STABILIZATION 

OF ELECTRONICALLY TUNABLE MICROWAVE OSCILLATORS 
By R. V. Pound 

Most automatic-frequency-control systems operate to minimize 
the difference between the frequency of an oscillator and that of some 
standard of reference. For most radar systems applications, the stand- 
ard of reference is the local-transmitter frequency plus or minus the 
intermediate frequency and the AFC system can be thought of as a 
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difference-frequency system. The AFC system used for the beacon 
local oscillator of an airborne radar uses a precision resonant cavity as 
the standard of reference and can therefore be considered as an absolute- 
frequency system. The circuits commonly used for both of these systems, 
so-called hunting circuits (see Vol. 16, Chap. 7), function on informa- 
tion derived once per transmitter pulse or once per audio cycle and 
cannot, therefore, be expected to remove fluctuations in frequency that 
have periods comparable with the time between transmitter pulses, or 
with the audio-frequency period for the beacon AFC system. In fact, 
these circuits impose on the oscillator frequency modulation having a 
period of this order, and the resultant signal, although its average fre- 
quency is maintained with precision, covers a band of frequencies. 

The conventional AFC systems used in broadcast receivers are differ- 
ent in principle in that a continuous source of error signal is available. 
The circuits usually used, however, have very long time constants and, 
consequently, are limited in the rate of change of frequency which they 
can correct. This situation is implied when the statement is made that 
the ^‘d-c component” of the frequency-discriminator output voltage is 
applied as an error voltage for AFC purposes. The short-time fre- 
quency variation of the oscillator does not differ from the frequency 
variation without the AFC system. 

The purpose of the frequency-stabilization circuits to be described 
here is different from that of the low-frequency circuits in that, in addition 
to maintaining a minimum difference in frequency from a standard 
reference cavity, they also remove frequency deviations, occurring at 
audio frequencies and higher, normally found in the output spectrum 
of a microwave oscillator. If a microwave oscillator is caused to main- 
tain a steady average frequency, free from drifts caused by thermal, 
mechanical, or load-admittance changes, the output signal of the oscillator 
is usually found to be spread over a band of frequencies. This may be 
the result of frequency modulation by noise in the electron stream of 
the oscillator, by residual ripple on the supply voltage, by the a-c heater 
voltage, and by stray magnetic fields. Counteracting these sources 
of frequency modulation is the ‘‘flywheel” effect of the resonant-cavity 
“tank circuit” of the oscillator and its effectiveness is a function of the 
loaded Q of this resonator. Since only special types of cavities can be 
used in the oscillator, the tank-circuit Q is not usually very high compared 
with that of many microwave cavities. As a result, considerable care 
must be exercised to hold the oscillator frequency within one part in 
10®. Thus it would be difficult to keep a 9000-Mc/sec oscillator within 
a band of frequencies less than 10 kc/sec in width. 

The stabilization systems to be described reduce the width of this 
frequency spectrum by a considerable factor. The long-time frequency 
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stability of the stabilized oscillator is almost completely determined by 
the stability of the reference cavity. The design of highly stable resonant 
cavities will not be discussed here, except to point out that cavities 
having zero, or very small, temperature coefficients of frequency can be 
made by the use of temperature-compensated tuning mechanisms built 
from materials having different temperature coefficients of linear expan- 
sion. The temperature coefficient of the cavity frequency can be reduced 
by making the cavity walls of Invar, or even fused quartz, lined with 
material of high electrical conductivity. 

2-14. General Description of Stabilization Circuits. — Basically, the 
schemes of electronic frequency stabilization to be discussed here consist 
of a microwave circuit containing a high-Q reference cavity, and either 


R.f 

out 


Fio. 2-29, — Block diagram of electronic frequency-stabilization system. 

detectors or some other means for frequency conversion. A signal 
applied to this microwave circuit produces an output voltage which is a 
measure of the difference between the frequency of the signal and the 
resonant frequency of the cavity. This error voltage’' is then amplified 
and superimposed upon the supply voltage of an element of the oscillator, 
the potential of which controls the oscillator frequency. A block 
diagram illustrating this basic circuit is shown in Fig. 2-29. 

Consider the situation that exists if the output terminals of the 
amplifying device are disconnected from the control terminals of the 
oscillator. If an a-c voltage were applied to the oscillator terminals, a 
frequency modulation would be produced which would in turn produce a 
large a-c output voltage from the amplifier. Ignoring the complex 
conversions of frequency occurring between the two terminal pairs, one 
may consider the device between them as a voltage amplifier. To 
produce stabilization it is necessary to connect the output terminals 
to the input terminals, which represents the limiting case of a negative 
feedback device. It is well known that if this is to be done without 
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singing around the feedback loop, rigid requirements are imposed upon 
the phase and amplitude characteristics of the amplifier. Since the 
feedback circuit must have a finite bandwidth, it must also have a cutoff 
characteristic at sufficiently high frequencies. It has been shown by 
Bode^ that an amplifier containing coupling networks cannot have a 
phase shift less than an amount which can be specified for a minimum- 
phase-shift network. There is a definite relationship between the 
amplitude-vs.-frequency response and the phase shift at any given 
frequency for such a minimum-phase-shift network. To a good approxi- 
mation, the phase shift in radians at a given frequency is given by 


where a is the rate of change of attenuation in decibels per octave of 
frequency. 

For the stabilization circuit it is necessary, for greatest effect, that 
the output voltage from the amplifier have the inverse phase to that 
impressed upon the control element of the oscillator. To avoid singing, 
the voltage gain from the control-element terminals to the output 
terminals of the amplifier must fall to less than unity in the region of 
the high-frequency cutoff before a phase shift of tt radians occurs. Thus 
the rate of change of attenuation with frequency cannot be allowed to 
be greater than 12 db per octave at frequencies below the frequency of 
unity gain. In the circuits to be described, this has been obtained by the 
use of relatively wide passbands throughout the circuits except at one 
point. The high-frequency cutoff is obtained by the use of an /ifC-circuit 
of fairly long time constant at the control element of the oscillator so 
that the rate of change of attenuation with frequency is less than 6 db 
per octave for most of the cutoff region. 

It is probable that considerable improvement in the amount of gain 
which can be used and in the bandwidth over which it is effective could 
be obtained by a more elaborate application of the negative-feedback 
theory. Careful measurements of the phase-shift-vs.-frequency charac- 
teristics of the systems have not been made. Great emphasis should be 
placed upon the design of the amplifiers and associated circuits from 
the viewpoint of phase characteristics. A cutoff network based upon 
these characteristics should be designed. One difference between this 
type of negative-feedback device and the ordinary amplifier should be 
pointed out. For the negative-feedback device, it is not necessary that 
the feedback factor remain constant within the band in which stabiliza- 
tion is desired. Only when the phase shift exceeds 7r/2 is the stabilization 

‘ H. W. Bode, “Relations Between Attenuation and Phase in Feedback Amplifier 
Design.” Bell Syst, Techn. J., 19, 421-454 (July, 1940). 
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effect lost completely. Since the major components of frequency modula- 
tion of the oscillator occur at the power-supply frequency and its first 
few harmonics, the stabilization system requires the highest gain at these 
frequencies. 

The stabilization factor may be defined as follows. If, when the 
stabilization system is disconnected, the oscillator makes a frequency 
shift dvo, and connection of the stabilizing circuit reduces the shift to 
dvy the stabilization factor for the system is 


dvo e 


(4) 


This may be expressed in terms of quantities dependent on the maj ox- 
parts of the system. The frequency change dv produces a change in 
output voltage from the amplifier of A dvy where A is the output-voltage 
change per unit frequency change and is dependent upon the gain of 
the amplifier, the characteristics of the cavity and associated microwave 
circuit, and the r-f input power to the microwave circuit. This voltage 
must produce a frequency change counteracting dvo and equal to Af dv, 
where /is the frequency change of the oscillator per unit change of applied 
voltage. Thus 

dv = dvQ — A f dv 


S - S - ‘ + 


(5) 


The quantity / cannot be defined for the oscillator tube alone since the 
presence of a resonant cavity as a part of the load circuit of the oscillator 
can increase or decrease the value of /, depending upon the line length 
between the oscillator and the cavity. In Vol. 16, Sec. 4*8 it is shown 
that the presence of the cavity may produce frequency discontinuities 
in the oscillator output voltage unless a certain precaution is taken 
to restrict the rate of change of susceptance of the oscillator load. If 
the rate of change of susceptance is made just less than the limiting value, 
however, the rate of change of susceptance with frequency for the entire 
oscillator circuit, including its own cavity, becomes almost zero so that 
the quantity / is almost infinite. For a line length between the cavity 
and the oscillator which differs by a quarter wavelength from that 
showing the greatest tendency to produce discontinuities, the quantity 
/ has only one-half the value that it has for the tube operated into a 
nonresonant load circuit. With a given amplifier, and a given coupling 
between the oscillator and the cavity circuit, the stabilization factor 
can vary with the cavity-to-oscillator line length, and thus with fre- 
quency, by a considerable factor. Hence, an amplifier gain or cavity 
coupling which satisfies the stability conditions for the negative-feedback 
device at one frequency may not at another. The best absolute stability 
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results with a cavity-to-oscillator line length which decreases the quantity 
/ at the resonance frequency of the cavity, since the cavity coupling 
and amplifier gain can be increased to give the maximum electronic- 
stabilization factor compatible with the negative-feedback stability 
condition. Some stabilization of frequency, in addition to the electronic 
stabilization, is gained directly from the reaction of the high-Q cavity 
on the oscillator. For the line length giving discontinuities with the 
smallest coupling, on the other hand, the same electronic-stabilization 
factor can be obtained but the oscillator is made very much more unstable 
by the direct reaction of the cavity. These considerations are important 
only for oscillators having small output power and for which it is desirable 
to use as much coupling to the cavity as possible. For oscillators 
delivering 0.1 watt or more, sufficient 
decoupling could be used between 
the cavity and the oscillator so that 
the cavity need have very little influ- 
ence on the electronic tuning or on 
the fundamental frequency stability 
of the tube. 

2*16. The Microwave Discrimina- 
tor. — One of the two stabilization 
circuits developed uses a circuit 
which is the microwave equivalent of 
the frequency discriminator used at 
low frequencies. A circuit with which 
a microwave frequency discriminator 
can be realized is shown in Fig. 

2-30. This circuit uses a magic T as a bridge to compare the reflec- 
tion of a cavity with that of a short-circuited line one-eighth wave- 
length long. A wave directed toward the junction of the T is applied 
by a directional coupler into arm 3 (//-plane arm) of the magic T. This 
excites waves in arms 1 and 2 of the T traveling outward from the junc- 
tion. At frequencies far removed from the resonant frequency of the 
cavity, the cavity reflects almost exactly as though it were a short 
circuit in the plane of the coupling iris. At these frequencies, therefore^ 
the two reflected waves in arms 1 and 2 return to the junction ir/2 
radians out of phase and excite waves of equal amplitude traveling out- 
ward in arms 3 and 4. Reflectionless detectors terminating these arms 
and having equal sensitivities would give equal output voltages. The 
difference between their output voltages would thus be zero. 

At the resonant frequency of the cavity, the cavity admittance is a 
pure conductance, in the plane of the iris. Any wave reflected by the 
cavity at this frequency combines with the wave reflected from the short 
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circuit on the opposite arm of the T in such a way that waves of equal 
amplitude travel out of arms 3 and 4. The difference in detector output 
voltages is zero, although the output voltage for a single detector is 
different from the output voltage for frequencies far removed from 
resonance. For frequencies slightly removed from resonance, the 
reflection by the cavity is advanced or retarded in phase since the cavity 
admittance contains a capacitive or an inductive susceptance in addition 
to the conductance. On one side of resonance the detector on arm 4 
receives increased power and the detector on arm 3 receives decreased 
power so that the difference in their output voltages is negative. For a 
frequency on the other side of resonance, the reverse is true and the differ- 
ence in detector output voltage is positive. It is apparent that a curve of 
this difference voltage as a function of frequency must resemble the 
curves that are characteristic of the low-frequency discriminator circuit. 

An analytical expression for the difference in powers incident upon 
the detectors on arms 3 and 4 may be derived with the aid of the admit- 
tance equations characteristic of the magic T. These are 


+ eOYo 
t* = ^Kez - e,)Yo 
H — "I" ^ 2 ) ^0 
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where fi, it, is, and ii are the currents flowing into the upper terminals 
of terminal pairs 1, 2, 3, and 4 of an equivalent four-terminal-pair network, 
and ei, et, es, and €4 are the voltages across these respective terminal 
pairs. Using these equations, an expression for the power delivered to a 
load of admittance 74 on arm 4 from a generator of admittance ¥3 on arm 
3 can be computed to be 


P 4 


^Pog3(/4 


Y 2 

(1 + FiF.Xl + Y2Y,) + (1 + + F2F4) 


( 7 ) 


where Y i and Y 2 are the admittances terminating arms 1 and 2 respec- 
tively, gz and gz are the real parts of F 3 and F 4 respectively, Po is the 
power available from the generator connected to arm 3 , and all admit- 
tances are expressed in units of Yo. 

For the discriminator circuit with matched detectors. 


7, = y. = 1 


7. = -j 
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where 5© and 5i are the reciprocals of the unloaded Q of the cavity and 
of the Q of the input circuit of the cavity with a matched waveguide 
generator, respectively; Av is (v — vo)/poy the fractional difference in 
frequency from voy the resonant frequency of the cavity. Using these 
in Eq. (7), 

P, _ i I + (a + ay 

Po 2{a + \y + a^' 


where a is used for 5i/5o and a for 2Ai'/5o. In an analogous manner, 
the power reflected back through arm 3 to the detector is 


Pa _ 1 1 + (a - a)2 

Po 2(a + 1)2 + a2‘ 


( 10 ) 


If the detectors on both arms are square-law detectors (give output 
voltage proportional to the incident power) the difference between the 
output voltages is proportional to 


Pi - P^ 2aa 

Po (a + 1)' + 


( 11 ) 


Curves of this function, plotted against a for each of several values 
of a from 0.5 to 10, are given in Fig. 2-31. It is apparent that the maxi- 
mum rate of change of output voltage with frequency for a given input 
power and unloaded Q occurs for oc equal to unity. The maximum and 
minimum output voltages occur at a equal to ± (a + 1) respectively, or 
Sit V = Vo ± vo/2Qlj where Ql is the loaded Q of the cavity. The slope 
at the crossover point is 


I d /Pi- Pz\] _ 2a 

[rfaV Po /Ja = o {a + iy' 

If the detectors have a sensitivity of h volts per incident watt, the rate 
of change of output voltage with frequency is 

dv _ 46aQoPo 
dv {a l)2|;o 

In the 9000-Mc/sec region, wavemeter cavities have a Qo of 25,000, and 
for a equal to unity, b equal 1 volt/mw (1N23 crystal), 

— = 2.78Po volts per Mc/sec. 
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Fio. 2’31. — Output voltage vs. frequency for various cavity-coupling factors of a balanced 

inagic-T discriminator. 


With oscillator tubes like the 2K25 it can be shown (Vol. 16, Sec. 411) 
that about 18 db of attenuation are required between such a cavity 

and the oscillator, to avoid discontinui- 
ties. A rate of change of output voltage 
of 1.4 volts per Mc/sec can thus be ob- 
tained from a tube giving 30 mw of out- 
put power. 

Another form of the microwave dis- 
criminator is shown in Fig. 2*32. Hore 
a second magic T is used, instead of the 
directional coupler, to isolate the input 
signal from the detector which receives 
the power reflected from the discrimina- 
tor T. The input power is applied to 
arm 3. Arm 1 drives the discriminator 
T, arranged as before, and arm 2 is 
terminated with a matched dummy load. The detector for reflected 
power on arm 4 receives only half the reflected power. To get the 
balanced-discriminator action, the output voltage or the input power of 



Fig. 2-32. — Microwave discriminator 
employing two magic T’s. 
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the detector on arm 4 of the discriminator T must be attenuated to half 
value. Since detectors of equal sensitivity are not likely to be found 
without selection of crystals, this attenuation, if made adjustable, 
affords a means of balancing the discriminator. 

2*16. The D-c Stabilizer. — Frequency stabilization has been achieved 
with the microwave discriminators of Figs. 2-30 and 2-32, by the use of a 
d-c amplifier shown in Fig. 2*33, in the circuit shown in the block diagram 
of Fig. 2-34. The amplifier contains two push-pull stages, direct-coupled 
and with large cathode degeneration provided by the common cathode 


lOk 



resistors connected to a large negative voltage. Negative feedback 
from the plates of the output stage to the cathodes of the input stage 
establishes the voltage gain from input grids to output plates at 2000. 
Since the reflector of the 2K25 reflex oscillator to which the stabilization 
is applied must operate in the neighborhood of —100 volts (with the 
cathode at ground potential), and since it represents an unbalanced line 
circuit, the gain from the discriminator output voltage to the reflector 
is about GOO. The stabilization factor is also GOO since the oscillator 
changes frequency by about 1 Mc/sec per volt on the reflector, and 
the discriminator output voltage changes at the rate of about 1 volt 
per Mc/sec with an amount of attenuation sufficient to avoid frequency 
discontinuities. Stability as a negative-feedback system is obtained by 
the large capacitance from the reflector to ground, which narrows the pass 
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band from that of the amplifier alone. Although this circuit begins to 
attenuate at a few hundred cycles per second, some stabilization of the 
oscillator frequency against frequency modulation at frequencies as 
high as 50 kc/sec is obtained since the attenuation increases at a rate 
less than 6 db per octave. 

One very useful feature of the stabilization system is that the oscil- 
lator may be frequency-modulated at any frequency for which stabili- 
zation exists with stabilization acting throughout the cycle of the 
frequency-modulating signal. This is done by superimposing the 
modulating voltage on the output voltage of the frequency discriminator, 



as indicated by the circuit in broken lines in Fig. 2-33. A change in 
the input voltage to the amplifier from this source produces a change in 
frequency only slightly less than sufficient to produce a discriminator- 
output change exactly counteracting the added voltage. Thus the 
circuit may be considered as a degenerative frequency-modulation device. 
The deviation is almost independent of the amplifier gain, the frequency- 
vs.-voltage characteristics of the tube, and the frequency of the modu- 
lating signal so long as it is within the band for which a reasonable 
stabilization factor exists. With the circuits described, a deviation 
almost independent of the frequency of the modulating signal is obtained 
for modulation frequencies from 0 to 50 kc/sec. The linearity of the 
modulation is the same as that of the discriminator characteristic and is 
quite good for deviations up to ±(i'o/4)Ql. 

If the oscillator is locked through the stabilization circuit to the 
cavity, tuning of the cavity results in corresponding frequency changes 
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in the oscillator within the range of available electronic tuning. With 
control through the reflector this gives about 60-Mc/sec range of single- 
knob tuning of the system. For a wider range than this, a thermally- 
tuned tube may be used with the control voltage applied, at an 
appropriate d-c level, to the thermal-tuning element. With a 2K45 
tube, for instance, the amplifier output voltage may be applied to the 
grid of the tuning triode as shown in Fig. 2-35. Fortunately, the reflector 
and the triode grid give a frequency change in the same direction as the 
change in their supply voltages and, therefore, the two control voltages 
may be derived from this same bleeder circuit. Diodes that limit the 
range of the voltages that can be applied to the triode grid are included 
for the protection of the tube and for the prevention of “motor boating’’ 
in and out of oscillation. Since the tuning rate per volt at the triode 


To 2K45 triode grid 



-500 v1 

Fio. 2‘36. — Supplementary circuit for wide-range single-knob tuning. 


grid is very much higher than at the reflector, the frequency-stabilization 
factor is very large at very low frequencies. No singing occurs, however, 
because the time constant of the triode tuner is very long and thus the 
reflector control alone acts through the audio-frequency region and 
above. With this circuit a stabilized oscillator, tunable by a single 
knob over a 12 per cent range, can be obtained. The major difficulty 
encountered with this form of the system results from the change in 
electrical line length between the cavity and the oscillator with fre- 
quency. Since the rate of change of frequency with reflector voltage 
is influenced by the cavity and this line length, the gain of the system 
changes with frequency and an attenuation giving satisfactory operation 
at one frequency may give singing of the feedback circuit at another. 
For oscillators of higher power than the 2K45 this trouble would not be 
present. 

2-17, The I-f Stabilization System. — Another circuit has been devel- 
oped in order to circumvent the need for a d-c amplifier, which at best 
is troublesome, and to eliminate the use of crystals as detectors, in which 
application they have poor noise figures. A block diagram of this system 
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is shown in Fig. 2*36. The output signal of the microwave circuit is 
an i-£ voltage which is dependent in sign on, and proportional in ampli- 
tude to, the imaginary part of the reflection coefficient of the high-Q 
cavity. After i-f amplification the output voltage is mixed with an i-f 
voltage of the same frequency in a lock-in mixer, and there results a 
d-c voltage that has the characteristics of a discriminator output voltage. 
This voltage can therefore be used as a control voltage for frequency 
stabilization. 

Crystal B receives a signal containing one-half the input power to 
the T, at the frequency of the oscillator, together with two sideband 
signals, derived from modulation by crystal A of part of the wave incident 



Fig. 2-36. — Block diagram of i-f stabilizer. 


on crystal A reflected by the cavity. No carrier-frequency wave is 
reflected by crystal A since it is matched to the waveguide in the absence 
of an i-f voltage across its i-f terminals. Crystal B is so mounted that 
none of the oscillator signal incident upon it is reflected. Thus the 
total voltage arriving at crystal B is 

, \/2 Eo\Tr\m . . r/ . M 

Eb = ■ 2"" “f" g "h ^2)^ + 5 ] 

+ sin [(oji — + 5]1, 

where Eq is the voltage incident at the T, is 2ir times the oscillator 
frequency, caz is times the intermediate frequency, [Frl is the absolute 
value of the reflection coefficient of the cavity, m is the modulation coeffi- 
cient for crystal A, and 5 is a relative phase factor which depends upon the 
line lengths between the T and the cavity and the T and the modulator 
crystal, the phase characteristics of the T, and the phase of the reflection 
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coefficient of the cavity. The numerical factors are caused by the 
fact that power is divided by two for each transit through the T. 

The output voltage from crystal B will contain terms found in the 
envelope of the superposition of these waves incident upon it. The 
square of the envelope Et is 



1 . UM!? 

I -I- 8 


cos (w 2 ^ "1“ 5) 


H ^ cos (co2< — 5) + ■ — ^ — cos2co2n- 


( 12 ) 


The terms in will be small in the region of resonance of the cavity 

since |r.| will be small and m must always be less than unity. The 
second harmonic does not pass through the amplifier so this term may 
be dropped. To this approximation the envelope is 


Et « {1 + |r,lmcos (8) cos (13) 

For \Vc\ small compared to unity, a further approximation may be made 
by expanding the square root in a scries and neglecting terms higher 
than the first power of Irdm. In this way the i-f voltage may be shown 
to be proportional to 

^ Fo\/2|rdm .. , . , . 

^ _J L_ COS (5) cos (cO20- (14) 


Now suppose that the variable line length between the cavity and the 
T-junctioi is such that 5 is an odd multiple of 7r/2 for a pure real reflec- 
tion coefficient at the cavity. The product iFd cos 5 is the imaginary part 
of the reflection coefficient at the cavity and is 

lr4 cos 8 = Im (15) 

Using Eq. (8), a = 81/80, and a = 2 Av/ 8 o, this becomes 


iFc] cos 8 


— 2aa; 

(a + 1)2 + a^‘ 


(16) 


This is identical with the expression for the output voltage of the d-c 
discriminator. The output voltage of the lock-in mixer thus produces 
the desired type of control voltage. As in the case of the discriminator, 
the maximum rate of change of output voltage with frequency is obtained 
with a equal to unity. For this condition, j r.! goes to zero at the resonant 
frequency of the cavity, and therefore, in the region of resonance, the 
approximations neglecting terms in powers higher than the first of [rd 
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are valid. At the cavity resonance, the input voltage to the i-f amplifier 
goes to zero; just off resonance, this voltage is different from zero and 
has opposite phases on either side of resonance. The sense can bo 
reversed by changing the cavity-to-T line length by a quarter wavelength ; 
thus 6 is changed by t radians. The sign of the error voltage produced 
by the lock-in mixer can be corrected to give stabilization. 

The zero i-f signal at resonance is an important feature of this fre- 
quency-stabilization system. Zero is obtained even though the cavity 
reflection coefficient is not exactly zero at resonance. This fact permits 
the use of a large i-f gain without danger of overloading or of limiting 
in the amplifier or lock-in mixer. The phase of the reference voltage in 
the lock-in mixer is not of great importance since the i-f signal has either 
of two distinct phases, tt radians different from each other. Thus the 
phase of the reference voltage that determines the sense of the error 
voltage affects only the gain of the mixer and does not affect the crossover 
frequency. In practice, it is found that neither of these things is exactly 
true. The gain can be made high enough so that a signal does exist 
at the resonant frequency of the cavity. This is probkbly caused by the 
slightly different efficiencies of the r-f circuit at the two sideband fre- 
quencies. If, for instance, the two sidebands are of slightly different 
amplitudes, the waves incident at the mixer crystal may be described by 

Eb ~ *“- 2 — ’ "^0 sin [(coi -f- 0 ) 2 )^ “1“ 5] 

4“ J5Jolrfl?Ti2 sin [(u>i — 0 ) 2)1 "h 5]. 

Using this equation, the equation corresponding to Kq. (13) can be 
shown to be 

j 1 + |r.| cos 5 cos M 

+ U’4 2 ^ ') ^ (<^201 • 

Thus there may be a signal with cos 6 equal to zero, but this signal is 
ir/2 radians out of phase with the error-voltage signal. If the phase of the 
reference voltage in the lock-in mixer is adjusted to give exactly maximum 
error voltage, this extraneous signal produces zero voltage at the output 
terminals of the lock-in mixer. It can however limit the usable i-f 
gain by overloading the i-f amplifier. The closer \Tc\ is to zero at reso- 
nance, the smaller this extraneous signal will be. 

The sideband signals arriving at the mixer crystal can be made to 
be zero at the cavity resonance even though Ir^l is not zero. Since the 
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magic T is a bridge circuit, the modulator crystal receives a signal only 
when the admittance of the cavity arm is different from the admittance 
at a symmetrically chosen point in the mixer arm. For any a, the mixer 
could be tuned to balance the bridge at the resonant frequency of the 
cavity; no signal would be sent to the modulator crystal and no sideband 
signals would be produced. 

2-18. Electronic Circuits for I-f Stabilization. — The i-f amplifier 
which has been used in several experimental stabilization systems has 
four stages of 6AK5 tubes in a stagger-tuned circuit having a pass band 
of 6 Mc/sec between half-power points centered at 30 Mc/sec. The 6AS6 
tube, with the i-f amplifier output voltage applied to its control grid and 
the reference signal applied to its suppressor grid, is used as a lock-in 
mixer. The reference signal drives the suppressor grid beyond its 
linear region to such an extent that a change of several per cent in the 
plate current occurs upon application of the reference signal. The cath- 
ode of the 6AS6 is operated with a self-biasing resistor connected to 
— 300 volts. Thus the plate voltage of about —150 volts may be used 
directly as the reflector voltage for a 2K25. Since the lock-in mixer 
can be operated at any d-c level, with appropriate bypass condensers, 
this system is considerably more flexible than the d-c system. It has 
been applied to tubes having reflector voltages of —1800 volts simply 
by providing high-voltage condensers. 

The oscillator is a CAK5 electron-coupled circuit operating at 30 
JMc/sec and is contained, along with two 6AK5 buffer amplifiers, one 
for the modulator crystal and one for the lock-in mixer, in a well-shielded 
box. A filter circuit is used on the filament and plate-supply leads to 
minimize unwanted leakage. This filter circuit is made from a brass 
tube with feed-through disk condensers in three baffle plates and series 
i-f chokes between them. 

To assist the alignment procedure, several metering circuits are used. 
The modulator-crystal rectified current and that of the mixer crystal 
can each be xaetered. A crystal detector is included in the i-f amplifier 
to allow observation of the i-f signal independent of phase, and a volt- 
meter is used to indicate the output voltage of the lock-in mixer. An 
independent reflector-voltage circuit is provided with a selector switch 
to allow the reflector to be connected either to this circuit or to the lock-in 
mixer plate. The adjustment of the length of line between the cavity 
and the magic T can be made by observation of the plate voltage of the 
lock-in mixer with the cavity tuned far from the r-f oscillator frequency. 
With moderate i-f amplifier gain the plate voltage of the lock-in mixer, 
for the correct line length, should be that obtained with zero amplifier 
gain. A deflection corresponding to the discriminator output is observed 
when the cavity is tuned through the oscillator frequency. The crossover 
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Fig. 2-37. — Circuit diagram of i-f stabilizer. 
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voltage can be made to equal the desired reflector voltage by adjustment 
of the plate load resistance of the lock-in mixer. The system can be 
locked by throwing the switch that connects the reflector to the lock-in 
mixer plate with the cavity set near the oscillator frequency. The 
amplifier gain can be increased as much as is compatible with the phase 
shift of the feedback loop. The circuits of these parts of the system are 
shown in Fig. 2*37. 

It is also possible to produce frequency modulation with this system. 
One way in which this can be done is to apply the frequency-modulation 
signal as a bias voltage on the mixer crystal. If, in the absence of this 
voltage, this crystal is matched for the direct signal from the oscillator, 
it reflects in a manner corresponding to the instantaneous bias voltage. 
The reflected wave returns, in part, to the modulator crystal and becomes 
converted to sideband signals. A portion of these will return to the 
mixer crystal and change the i-f component in the envelope of signals 
arriving at the mixer crystal. This change will result in a shift in fre- 
quency by the amount required to make the sideband signals, developed 
from the wave reflected from the cavity, almost compensate for their 
presence. The largest deviation for a given amplitude of modulating 
signal will result if the line length from mixer crystal to modulator 
crystal is chosen to make the value of sin 6 for these sideband signals equal 
to unity. The freciuency deviation obtained is independent of the 
amplifier gain, of the reflector-voltage characteristics of the r-f oscillator, 
and of the amplitude and frequency of the i-f oscillator. To the extent 
that the reflection-coefficient change per unit bias-voltage change of the 
mixer crystal is independent of the incident power, the deviation is 
independent of the r-f oscillator output power. A deviation independent 
of the modulating frequency is obtained for all frequencies for which 
the stabilization factor is large compared to unity. The linearity of 
the modulation is dependent upon the change of the mixer-crystal 
impedance with bias voltage, a characteristic which has not been meas- 
ured. An interesting property of this frequency modulation is that it 
could be used to measure a small change in the Q of the cavity. If, 
for instance, a medium of small loss were introduced into the cavity, 
a change in the frequency deviation resulting from a given modulation 
voltage could be observed by measurement of the output voltage of a 
conventional frequency-modulation receiver, adapted to receive the 
oscillator frequency. 

2*19. Results and Limitations of the Stabilization Systems. — Most 
tests of these stabilization techniques have been made in the region 
of 9000 Mc/sec with 2K25 oscillator tubes. The tests were made by 
observation of the audio beat note between two identical systems. To 
avoid interaction of the two oscillators the beat note used was actually 
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in the region of 30 to 40 Mc/sec and was converted to audio frequency 
by the beat-frequency oscillator of a communications receiver. 

With the d-c systems, a residual relative frequency deviation of plus 
and minus about 100 cps was observed under the best conditions. This 
deviation occurred at the power-supply frequency (60 cps) and harmonics 
of it and was probably caused by ripple in the amplifier voltages and by 
pickup of stray fields. In addition, there were slow changes, occurring 
over periods of a few seconds, of as much as 1 kc/sec, although the two 
oscillators remained within the audio-frequency spectrum of each other 
for many hours. No measurement of the long-time stability, independent 
of the cavity temperature, could be made since the best cavities available 
had a temperature coefficient of frequency of about 50 kc/sec per 
degree C. 

The i-f systems gave an audio beat note having less than 50 cps 
frequency modulation at the power-supply frequency. No periodic 
changes of the sort observed with the d-c systems were observed and 
the only long-time drifts found could be attributed to the cavities. In 
both systems, mechanical stress on the r-f circuit parts would produce 
frequency changes, and heat transfer to the cavity from the hand pro- 
duced a very perceptible frequency change. It is of interest to note that 
a motion of the end plate of one of the cavities of 10 angstroms would 
produce a frequency shift of 120 cps. If a device to measure very 
small dimensions were desired, a cavity having much greater sensitivity 
than this could be designed. 

A limit is set, on the reduction in the width of the frequency spectrum 
of an oscillator which can be achieved with these systems, by the presence 
of noise in the output power of the crystal detectors and mixer and in the 
input power of the amplifiers. Increasing the amplifier gain beyond the 
point at which frequency deviations from other sources are made less 
than those resulting from this noise voltage would not produce an 
oscillator signal of more nearly constant frequency. In d-c systems, the 
noise voltage is very much larger than Johnson noise because the crystals, 
as detectors at a level of power of the order of a milliwatt, give a large 
noise-voltage contribution in the audio region and because the d-c amplifier 
is subject to drifts caused by cathode-emission changes. Measurements at 
the University of Pennsylvania have shown that the noise temperature of a 
crystal detector varies as 1//, where /is the audio frequency, and becomes 
very large at low frequency. This cannot hold to zero frequency, but 
it is probable that the observed frequency deviations occurring over 
periods of a few seconds were caused by this noise voltage. Since 
this voltage is so large, it is felt to be the limiting factor and no attempt 
has been made to use special d-c amplifier tubes of low drift. 

The effect of the noise voltage is analogous to that of the frequency- 



Sec. 2-191 LIMITATIONS OF THE STABILIZATION SYSTEMS 


77 


modulation voltage, and to account for a i-kc/sec shift in frequency, 
with a discriminator output slope of 1 volt per Mc/sec, a noise voltage 
of 1 mv would be required. This is not in disagreement with the measure- 
ments at low audio frequencies. Special selection of the crystals might 
result in reduction of the frequency instability from this cause by a 
considerable factor. 

In the i“f stabilization systems the situation is considerably better. 
No very-low-frequency drifts exist in the circuit ahead of the lock-in 
mixer. If the gain of the amplifier is large enough to make the amplified 
noise from the amplifier larger than a millivolt or so, it is improbable 
that cathode-emission drift would have any effect. The frequency 
deviations resulting from noise in the crystal and in the i-f amplifier may 
be calculated by replacing all of this noise by an equivalent r-f noise- 
voltage source and a perfectly noise-free frequency converter and i-f 
amplifier. The open-circuit mean-square noise voltage Of this equiva- 
lent noise-voltage generator would be 

W = AkTNRB, (17) 

where k is Boltzmann’s constant, T is the absolute temperature, N is 
the over-all noise figure of the converter and i-f amplifier combination, 
R is an equivalent resistance for the waveguide characteristic impedance, 
and B is the ecjuivalent noise bandwidth of the feedback system. This 
noise bandwidth is approximately the bandwidth for which the stabiliza- 
tion factor is greater than unity, since the lock-in mixer is operated 
as a linear mixer. 

The presence of the noise voltage causes a frequency change develop- 
ing an i-f signal voltage continuously compensating for the noise voltage. 
Therefore the equivalent open-circuit r-f signal-voltage generator, 
which depends upon frequency, is required. This can be found to be 

from Eq. (14) and from the derivative of Eq. (11) with respect to fre- 
quency. Setting Eq. (17) equal to Eq, (18) and substituting for R 



where Po is the input power to the magic T, the root-mean-square fre- 
cfuency deviation resulting from noise can be found to be 
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In the systems described, N is about 10, B about 10 kc/sec, Po one 
milliwatt, a equal to unity, m almost unity. Qo is 25,000 and vo, 9000 
Mc/sec. Putting these into Eq. (19), with kT equal to 4 X 10~“ 
joules, the root-mean-square frequency deviation is found to be 

= 6.5 cps. 

Since this is somewhat less than the deviations observed, it is probable 
that improvement in the stabilization could be made if greater care were 
taken to remove sources of modulation at the power-supply frequency. 
Since the impedance of the mixer crystal is somewhat dependent upon 
the local-oscillator signal level, some frequency modulation might result 
from amplitude variation of the oscillator output voltage through the 
mechanism discussed for producing frequency modulation. The ripple 
voltage in the power supplies used on these systems was about 5 mv 
per hundred volts of d-c ; 60-cycle heater voltages were used throughout. 
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MICROWAVE POWER MEASUREMENTS 

By R. N. Griesheimer 

3«1. Introduction. — The measurement of power is one of the few 
fundamental measurements that can be made in the microwave region. ' 
In the much lower frequency regions, the audio-frequency region, for 
example, it is customary to measure voltage or current. In the i-f 
and r-f regions both voltage and power measurements are common, 
although the communications industry has shown a preference for power 
measurement on the basis that power, is a more convenient and a more 
meaningful quantity to measure than voltage. The convenience is 
inherent in the fact that the specification of power is independent of the 
characteristic impedance of the transmission line, provided that the 
line is terminated by a matched impedance load. In contrast, a state- 
ment of voltage is meaningless without an accompanying specification 
of the line impedance. Power is considered a more meaningful quantity 
because the various line components — relays for example — are actuated 
by power and not by voltage. However, in the microwave region there 
is little or no basis for argument. The preference must be for power, 
because of the fact that the wavelengths are comparable to line dimensions 
and to the dimensions of the detectors that can be used for voltage or 
power measurement. Thus, any loop that might be used as a means 
for deriving a “loop-induced voltage^^ will, for adequate sensitivity, 
have a physical size comparable to the wavelength and the induced 
voltage gradient will therefore vary along the loop. Under such cir- 
cumstances it is not possible to make an accurate voltage determination, 
but an accurate power measurement is still possible. In any attempt to 
measure voltage, an additional obstacle would be encountered — the 
difficulty of defining “voltage’’ for TM-modes in rectangular waveguides, 
where the curl component of the total electromagnetic field vector does 
not vanish anywhere across the waveguide, and voltage is therefore not 
equal to the simple line integral, /E • ds. 

The techniques and equipment used for power measurement vary 
considerably with the level of power to be measured. For this reason 
it is convenient to divide the scale of average power into three arbitrarily 
defined regions: high-, medium-, and low-level power. Powers greater 
than one watt will be classed as high-level power; the range from 10 mw 
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to 1 watt will be referred to as medium-level power; 10 mw and less will 
lie in the low-level range. The range of medium-level power is the 
smallest, and will command the least attention in this chapter. As 
will be discussed in subsequent sections of the chapter, calibrated attenu- 
ators, power dividers, and similar devices may be used (usually with 
some sacrifice in accuracy) to measure high-level power with low-level 
detectors. 

Since microwave power is often pulsed, it becomes necessary to 
differentiate between average power and pulse power. Both are time- 
averaged values, but differ with respect to the time interval involved 
in the averaging. If the power is averaged over the duration of a single 
pulse, the average is called pulse power. If the power is averaged over 
a period of time very large compared with the duration of a single pulse 
and with the time interval between successive pulses, the average is 
known as average power. Thus pulse power is always greater than average 
power except in the limiting case of unpulsed c-w operation where they 
become equal to each other and to the average power per cycle of oscil- 
lation. There is no ambiguity regarding the specification of pulse 
length if the pulse is rectangular. If the pulse is trapezoidal, it is cus- 
tomary to specify the pulse length as the time interval between the 
half-altitude’’ points on the leading and trailing sides of the trapezoid. 
Available power detectors permit a direct determination of average 
power, but pulse power must be calculated from average power, pulse 
length, and pulse repetition frequency, according to the relation 


where 

Po = pulse power, in watts. 

P = average power, in watts. 

T = pulse length, in sec. 
n = repetition frequency, pulses/sec. 

Because of its great convenience in many calculations, the dbm 
(decibels with respect to 1 mw) unit of power has been been borrowed 
from the communications industry. Thus, for example, 1 mw is equiva- 
lent to 0 dbm, 1 watt equals +30 dbm, 10 juw correspond to —20 dbm. 
This unit of power facilitates calculations of power levels at various points 
along a transmission line which are separated by attenuating elements. 
For example, if the power incident on an 18-db. attenuator is +13.5 dbm, 
the power level at the output terminals of the attenuator is quickly 
calculated as —4.6 dbm. The unit dbw — meaning decibels with respect 
to one watt — ^is also used. 
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Microwave power measurements are usually conducted by converting * 
the high-frequency power into heat. In low- and medium-level power 
measurement the thermal energy is then used to effect a resistance 
change or to generate a thermal emf — either quantity being mensurable 
according to well-known d-c or a-f techniques. In high-level power 
measurement it is customary to make a calorimetric measurement of the 
thermal energy, using either water or a gas as the calorimetric fluid. 
The calorimetric technique is unsuited to low-power measurement 
because of the difficulty of making a simple yet accurate determination 
of a very small temperature rise. Conversely, the resistance element or 
thermocouple, which is physically small enough to avoid trouble from 
variations in skin depth with frequency, is too small to dissipate high 
power without suffering burnout. Other less commonly used techniques 
in microwave power measurement involve the conversion of power 
into light, as in lamp filaments, for example, and the use of crystal 
and diode rectifiers. 

The bolometer, a small resistive clement which is capable of dissipating 
microwave power and using the heat developed to effect a change in its 
resistance, is the most commonly used type of detector in low- and 
medium-level power measurement. There are a number of power 
detectors which must be classed as bolometers. Chief among these are 
the barretter and the thermistor. The barretter is an appropriately 
mounted short length of very fine wire, usually platinum, with sufficient 
resistance so that it can be impedance-matched as a termination for the 
transmission line. It has a positive temperature coefficient of resistance, 
typical of metals. In contrast, the thermistor consists of a tiny bead 
of semiconducting material which bridges the gap between two fine, 
closely spaced, parallel supporting wires. Effectively all of the resistance 
of the thermistor is concentrated in the bead material which has a nega- 
tive temperature coefficient of resistance. The thermistor bead is 
usually installed in a small glass capsule for ease of mounting the element 
as a termination in the transmission line. Specially designed lamp 
filaments and metalized-glass tubes have also been used effectively as 
bolometers. The resistance change resulting from the dissipation of 
microwave power in the bolometer is commonly measured by using the 
bolometer as one arm of a d-c or a-f Wheatstone-bridge circuit. 

The barretter and the thermistor are sensitive power detectors, and 
are capable of measuring as little as a few microwatts of power when 
used in properly designed bridge circuits. The thermistor is a somewhat 
more flexible device in that its resistance may be varied over an extremely 
broad range, depending on the magnitude of the bias current used. This 
is often a decided advantage in the broadband impedance-matching 
of the detector. Further, it leads to excellent overload and burnout 
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characteristics. The barretter has less desirable overload and burnout 
characteristics, and its operating resistance is confined to a considerably 
smaller range. However, barretters have the advantages that they can 
be made more reproducible in both sensitivity and impedance, and are 
less sluggish (that is, have a smaller time constant) than thermistors. 
Other kinds of bolometers and other low-power detectors usually suffer 
from one or more of the following: inadequate sensitivity, change in 
calibration with vibration or shock, objectionable overload and burnout 
characteristics, impedance characteristics that make broadband imped- 
ance-matching extremely difficult, or excessive variations of sensitivity 
and impedance from one element to the next. 

In making absolute measurements of power there are a number of 
precautions that must be observed with regard to the choice of detector 
and the construction of the transmission-line housing or mount, as it is 
commonly called. In low-level power measurement with bolometers it 
is of prime importance that the sensitivity, in ohms per milliwatt, of the 
bolometer be independent of frequency. In other words, a milliwatt of 
microwave power must effect the same resistance change in the bolometer 
as a milliwatt of d-c power. In the use of a bolometer in a balanced 
bridge, the calculation of microwave power assumes this equivalence; 
in fact, there is no known way of measuring absolute power with bolom- 
eters that does not rely on the equivalence of the heating effects of d-c 
(or a-f) and high-frequency power. It is at once obvious that this condi- 
tion cannot be met unless the bolometer is sufficiently small and its 
resistivity sufficiently great that the high-frequency currents are forced 
to flow throughout the volume of the bolometer element, rather than on 
its surface. The temperature gradients Avithin the volume of the 
bolometer element and the exchange of heat with the surroundings will 
then be almost the same for d-c and high-frequency power, and the heat- 
ing effects of the two will be closely equivalent. 

In high-power measurement with water or gas loads, the chief problem 
is the typical calorimetric one of minimizing the heat exchange between 
the calorimetric fluid and its surroundings. That is, the temperature 
rise caused by the dissipation of the microwave power must be measured 
before any appreciable amount of the heat developed is conducted or 
radiated from the fluid. In either high- or low-level power measure- 
ments it is essential to match the power load to the transmission line — 
standing-wave-ratio measurements being used to guarantee that this 
condition is met. It is also essential that the mount for either the 
bolometer or the water load be carefully constructed so as to eliminate 
the possibility of microwave leakage into free space, and that there be no 
sources of power dissipation (for example, poor contacts, rusted metal 
conductors) other than that in the chosen power detector. 
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Usually there are three phases to the problem of developing equip- 
ment for microwave power measurement: (1) the choice of a suitable 
detector, (2) the design of a matched-impedance transmission-line 
housing or mount for the detector, and (3) the design of auxiliary circuits. 
Each phase involves a number of considerations, the more important 
of which will be listed to serve as an introduction to the discussions 
that comprise this chapter. 

In low- and medium-level power measurement the choice of a suitable 
detector presents an interesting problem, particularly since a wide variety 
of detectors are available. The more important considerations involved 
in the choice are (1) the sensitivity of the detector, in ohms per milliwatt, 

(2) the suitability for absolute, as against relative, power measurement, 

(3) the overload and burnout characteristics, (4) the ease with which it 
can be impedance-matched over a broad band, (5) the variations in sensi- 
tivity and impedance characteristics within a large quantity of the 
detectors, (0) the availability, (7) the time constant, and (8) the com- 
plexity of the auxiliary circuit. A compromise is invariably necessary, 
sin^e no one detector leads the field in all of these respects. The most 
important problem in detector-mount design is that of providing satis- 
factory impedance matching, usually over a broad wavelength band. 
It is often necessary to make a compromise between the desired band- 
width and the desired maximum allowable VSWR, so that the final 
design of the mount is influenced by the bandwidth requirements of the 
specific problem and the accuracy of power measurement. Thus, 
narrow-band and broadband mounts are evolved which have maximum 
allowable VSWR values of 1.10, 1.25, or 1.50, as the need for accuracy 
demands. The specific application also dictates the decisions in such 
other matters as the desirable transmission-line size and characteristic 
impedance, whether the mount may be tunable or must be pretuned, the 
extent to which it may suffer leakage of microwave power, and its maxi- 
mum allowable physical dimensions. 

The design of auxiliary circuits may often represent the most serious 
problem of all. For reasons previously stated, bolometers are the most 
commonly used detectors for low- and medium-level microwave power 
measurement, and are almost invariably installed in bridge circuits. 
However, since bolometers are temperature-sensitive elements, the bridge 
circuits, particularly those of the direct-reading type, must be tempera- 
ture-compensated. Temperature variations affect both the sensitivity 
and balance of the bridge circuit, and the compensating devices must 
deal simultaneously with both problems. As the operating temperature 
range becomes larger, compensation becomes more diflicult to achieve. 
It is also necessary to consider such problems as meter overload in the 
event of bolometer burnout, requisite voltage stability of the d-c and a-f 



84 MICROWAVE POWER MEASUREMENTS [Sec. 3-2 

bridge supplies, and limitations on the current allowable for operation 
of the bridge. 

In high-power calorimetric measurements there is no problem cor- 
responding to the choice of a detector for low-power measurements. 
Water and certain gases (for example, ammonia gas) are satisfactory for 
microwave applications. Moreover, the thermopiles used in conjunc- 
tion with water loads require simple auxiliary electrical circuits. There 
is, however, the design problem of a fluid-flow system for the water 
load which has no counterpart in the field of low-level power measure- 
ment. Finally, the major problem in high-power measurements centers 
around the design of the water load itself. Not only must the water 
column be properly impedance-matched, but additional precautions 
must be taken to avoid errors that may be caused by the exchange of 
heat between the water and its environment. 

POWER MEASUREMENTS AT LOW AND MEDIUM LEVELS 

3*2. Bridge Circuits. — The Wheatstone-bridge circuits in which 
bolometers are used may be operated either as balanced Or unbalanced 
(direct-reading) bridges. When operating the circuit as a balanced 
bridge, the basic procedure involves balancing the bridge both with and 
without microwave power in the bolometer. The level or magnitude 
of the high-frequency power is determined from the difference in bolom- 
eter bias power between the two conditions of bridge balance. Direct- 
reading bridges are usually calibrated by means of a balanced bridge. 
A properly designed direct-reading bridge is closely linear in power, and 
a single calibration at full-scale deflection is often sufficient. The 
balanced bridge has the advantage of greater accuracy, but the direct- 
reading bridge is more convenient to use. There are certain fundamental 
principles in bridge design that apply both to balanced and to direct- 
reading bridges, and these will be reviewed prior to a discussion of the 
details of specific bridge designs. 

It is, first of all, necessary to differentiate between two commonly 
used expressions for sensitivity, one pertaining to the bolometer, and 
the other to the bridge circuit in which the bolometer is used. Bolometer 
or detector sensitivity is usually expressed in ohms per milliwatt, and 
is the slope of the static curve of d-c resistance plotted against power for 
the detector. It is important to remember, particularly in the case of 
thermistors, that detector sensitivity can vary widely depending on 
the bias conditions (or operating resistance) of the detector. In contrast, 
bridge sensitivity is a measure of the bridge unbalance resulting from 
application of high-frequency power to the bolometer. It is often 
expressed as microamperes of meter deflection per milliwatt of micro- 
wave power. Bridge sensitivity is a function of many quantities includ- 



Sec. 3-2] BRIDGE CIRCUITS 85 

ing detector sensitivity. It is not necessarily true, however, that the 
bolometer with the highest detector 
sensitivity will provide the greatest 
bridge sensitivity in a given bridge 
circuit. 

Figure 3*1 represents a simple, 
unbalanced Wheatstone bridge, the 
bolometer arm of which has a resist- 
ance X. It is desired to calculate 
the several currents indicated in the 
diagram. Ohm’s law provides the 
three equations necessary to calculate the three unknowns, 22 , and 2 * 3 . 
Thus, 

Bii T Ryiz = D22, 
yl(2i — 2*3) = Rgis + X{i2 + 23), 

Bii 4“ — 2*3) =- E. 

In order to achieve simplicity in the final expressions, assume that 


A = B = D, 

(2a) 

X = A - d, 

(26) 


(2c) 



Fig. 3-1. — Diagram of unbalanced Wheat- 
stone bridge. 


Using determinants, the expressions may be calculated for the currents 
in various arms of the bridge, 
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These equations apply for the condition of small bridge unbalance, 
and a constant driving voltage on the bridge terminals. As defined 
by Eq. {2h), the quantity 5 is conveniently considered positive for 
thermistors, and negative for barretters. Further, if 5 is small, as 
assumed in Eq. (2c), it is permissible to write 


h 



ohms, 


(4) 


where dR/dP is an expression for the detector sensitivity, and AP is 
the increment of power resulting in a change in bolometer resistance 
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equal to 5. Thus, from Eqs. (3a) and (4), the bridge sensitivity may 
be written 


dP 

AA{A + IQ 


4(A + R,) 


SA +R, 
A 


amp/ watt. 


The second term of the bracketed quantity in Eq. (5) may be dropped 
without sacrificing the validity of the equation for small meter deflections 
in sensitive bridge circuits. Thus, in its commonly considered form, 
the expression for bridge sensitivity becomes 


is 

AP 



A A (A + Rg) 


amp/watt. 


( 6 ) 


It is apparent that if all factors were completely independent, 
increased bridge sensitivity would result from a larger driving voltage 
on the bridge or bridge current, decreased bridge-arm resistances, a 
small meter resistance, and increased detector sensitivity. However, 
the factors are usually not independent, and P]q. (6) must be interpreted 
with discretion. For example, bolometer A may have a greater detector 
sensitivity than bolometer Bj but may have a higher operating resistance 
and may demand a smaller bridge current to balance the bridge at the 
operating resistance of the bolometer. Or, as is true for a thermistor, 
the detector sensitivity decreases as the operating resistance A decreases, 
and it is not obvious what combination of the two will lead to greatest 
bridge sensitivity for a given meter. In some instances additional 
bridge sensitivity may be derived from the use of bridge arms for which 
A 9^ B 9^ D. However, the gain is seldom large, and bridge circuits 
that use arms of different resistance values are usually designed to meet 
other demands, such as decreased bridge-current drain or greater meter 
protection in the event of bolometer burnout. Usually, bridge sensitivity 
is increased by using the meter of the lowest resistance and greatest 
current sensitivity which is sufficiently rugged. If this fails to provide 
adequate sensitivity, it is usually necessary to use an a-f voltage supply 
for the bridge so that the meter-arm unbalance may be amplified. 

In the above discussion a constant voltage supply for the bridge 
has been assumed. However, if the supply impedance is not negligible, 
it must be noted that E will vary slightly with AP, increasing with AP 
if the bolometer is a barretter, and decreasing with AP if the bolometer 
is a thermistor. The effect is negligible when considering small unbal- 
ances of the bridge. 

One of the interesting differences between barretters and thermistors 
involves the effect on bridge sensitivity caused by shunting the detector 
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element with an ohmic resistor. If a barretter is shunted with a resistor, 
a loss in bridge sensitivity results. However, bridge sensitivity can be 
increased by shunting a thermistor. The smaller the shunting resistance, 
the greater the increase in bridge sensitivity. Theoretically, there is 
no upper limit to the sensitivity that can be achieved in this way. It 
is possible to carry the phenomenon to a condition of instability for 
which the tiniest increment of high-frequency power will effect a violent 
off-scale meter deflection. Unfortunately, because of three serious dis- 
advantages associated with the sensitivity increase, the principle is 
used only for relatively small sensitivity gains. The thermistor, under 
normal operating conditions, has a rather long time constant, and the 
sluggishness in the response of the bridge to a power change in the 
detector is increased appreciably by this scheme. Moreover, a serious 
departure from linearity in the calibration curve (that is, microwave 
power vs. meter deflection) of the bridge results, and the total bridge 
current needed is greatly increased. 

Because of the infrequent use of the principle, it is hardly worth 
while to treat the phenomenon in mathematical detail. However, a 
simple qualitative explanation is appropriate. Consider first a bridge 
circuit, with an unshunted bolometer, which is initially balanced. If 
microwave power is applied to the bolometer, the detector resistance is 
changed not only by the microwave power, but also by the change in 
the d-c (or a-f) bias power in the detector. In other words, the microwave 
power effects a resistance change in the bolometer, which in turn incurs a 
change in the d-c power dissipated by the element. The change in d-c 
power may be positive or negative, depending on whether the bolometer 
has a positive or a negative temperature coefficient of resistance, and 
on the magnitude of the bolometer-supply impedance as measured at 
the bolometer terminals. Thus, if the bolometer has a constant-current 
supply, the d-c power increment will be positive for a barretter and 
negative for a thermistor. Conversely, if the bolometer has a constant- 
voltage supply, the d-c power increment will be negative for a barretter 
and positive for a thermistor. If the bridge arms are all equal to A at 
bridge balance, and if Rg again represents the meter resistance, the 
supply impedance measured at the bolometer terminals will vary between 
A{A -h 2Rg)/{3A + 2Rg) and A{2A -f 3ie,)/(2A + Rg), as the supply 
impedance measured at the bridge battery terminals varies between 
zero and infinity. Thus, if a high-impedance source drives the bridge, 
Rg must be small compared with A in order to make the d-c power 
increment negligible; conversely, if a low-impedance source drives the 
bridge, Rg must be made large compared with A in order to make the d-c 
power increment negligible. Finally, it is apparent that a small shunting 
resistance provides a low-impedance supply for the bolometer, thereby 
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effecting a negative d-c power increment (hence loss in bridge sensitivity) 
for the barretter, and a positive d-c power increment (or gain in bridge 
sensitivity) for the thermistor. 

In the operation of a balanced bridge the linearity of the meter 
calibration is usually a meaningless consideration. In direct-reading 
bridges, however, it is an important consideration. Several factors 
influence the linearity of the calibration, and these deserve comment. 
The first condition demanded for linearity of the bridge calibration is 
linearity of the curve of detector resistance vs. power (7i-P curve). An 
appreciable region of the i?-P curve of the barretter is reasonably linear; 
however, the P-P curve of the thermistor is far from linear over any 
extended region. If the direct-reading bridge has a full-scale sensitivity 
of approximately 1 mw (microwave power), the error caused by the 
nonlinearity of the P-P curve of either the barretter or the thermistor 
is satisfactorily small. A bridge having a full-scale sensitivity of 5 to 10 
mw will be nonlinear. 

As previously discussed, the total power change in the bolometer is 
usually the algebraic sum of two components: the applied microwave 
power and an associated change in the d-c bias power. This second 
component may be used advantageously to improve the bridge sensitivity, 
but can adversely affect the linearity of bridge calibration. This 
follows because the d-c power increment is not linearly related to the 
magnitude of microwave power over a broad range of microwave power. 
The larger the d-c power increment associated with a given amount 
of microwave power, the greater the disturbing effect on the linearity 
of the bridge calibration. 

There is a third source of nonlinearity in the calibration if the bridge 
supply is not a constant-voltage supply. The change in detector resist- 
ance with microwave power is reflected as a smaller change in the resist- 
ance of the whole bridge network, which necessitates a change of the 
driving voltage of the bridge. Since the sensitivity of any Wheatstone 
bridge is directly proportional to its driving voltage, the bridge sensitivity 
will be influenced by this effect. Usually it is of less importance than 
other sources of nonlinearity. The fourth source of nonlinearity in the 
calibration can pass almost without discussion. Nonlinearity in the 
calibration of the current of a cheap bridge meter can be a serious source 
of trouble, particularly in very sensitive bridges where other sources 
of nonlinearity are negligible. 

Reference to Eq. (3a) reveals a fifth source of nonlinearity in the 
calibration. For large resistance changes, the meter deflection is not 
linearly related to the change in the resistance of the bolometer. Conse- 
quently, the bridge should be relatively sensitive if linearity of calibra- 
tion is to be preserved. 
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A sixth source of nonlinearity in the calibration concerns the imped- 
ance-match of the bolometer at microwave frequencies. The microwave 
impedance is a complicated function of the d-c resistance of the bolometer. 
This impedance must be investigated over the entire resistance range 
corresponding to the limits of balance and full-scale deflection of the 
meter. A bolometer may be well matched at the resistance demanded 
for bridge balance, but may develop a sufficiently high standing-wave 
ratio at the resistance corresponding to full-scale deflection to cause 
appreciable error in power measurement. This error, because it is 
usually frequency-sensitive, can be particularly troublesome. Like 
most other sources of nonlinearity of calibration it must be circumvented 
by making the bridge as sensitive as possible. Thus, it is common prac- 
tice to place a calibrated attenuator ahead of the detector mount so 
that power levels greater than 1 or 2 mw can be measured with accuracy 
by a direct-reading bridge. It is also customary to impedance-match 
the bolometer at a resistance corresponding to half-scale deflection, 
rather than at the resistance needed for bridge balance as is done in 
balanced-bridge practice. 

Finally, in those bridge designs which employ an a-f instead of a d-c 
driving voltage so that the meter-arm voltage unbalance may be ampli- 
fied, it is obviously important that the linearity of the amplifier be good. 

In cases where it is impractical to make a point-by-point calibration 
of each bridge circuit, it is often possible to determine a point (usually 
one-half to three-quarters full-scale deflection) at which a one-point 
calibration will make the errors of nonlinearity approximately equally 
positive and negative. 

3«3. Thermistor Parameters, — Bead thermistors are made of a semi- 
conducting material involving a mixture of various metallic oxides such 
as nickel and manganese oxide, and 
in addition they contain finely dis- 
persed metallic copper to increase 
the electrical conductivity of the 

material. In order to form the Fig. 3-2.— Diagram to illustrate construction 
, , , , . -i .• • • 1 • of a bead thermistor. 

bead, two taut platmum-indium 

wires, 0.001 in. in diameter, are stretched parallel to each other with a 
small, carefully controlled spacing between them. The mixture as a paste 
is daubed as a tiny ^^fly speck at a spot on the wires. Surface tension 
shapes the drop into approximately a sphere that bridges the narrow 
gap between the wires. The bead is air dried, and subsequently sintered 
at an elevated temperature. Diagonally opposite tie-wire extensions 
are snipped and the bead cross section is that shown in Fig. 3-2. 
The bead is usually loaded with a skin film of glass to protect it from 
further oxidation at high temperatures, thereby adding greatly to the 
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long-term stability of the electrical characteristics of the bead. The two 
short tie-wire extensions are fastened to 0.030-in. tungsten-tipped nickel 
lead wires by a crimping operation, and an unevacuated glass capsule 
is heat-sealed to the lead wires. The final construction of a typical 
capsuled bead thermistor is shown in Fig. 3-3. 

Disk thermistors are not used as power detectors, but are often used 
to temperature-compensate the direct-reading-bridge circuits that 
employ bead-thermistor detectors. Figure 3*4 shows a photograph of a 
typical disk thermistor. Disk thermistors are disk-shaped elements 
and vary considerably in size, depending on the electrical characteristics 
desired. Most of the disks used in temperature compensation of bridge 
circuits are approximately the size of a small coin. It is usually con- 
venient to solder one side of the disk to a metal plate, using a special, 



Fig. 3*3. — Photograph of a typical capsuled Fig. 3-4. — Photograph of a typical disk 
bead thermistor. thermistor. 

low-melting-point solder, and to use a lead wire soldered to the opposite 
face of the disk as a second terminal. Coatings of wax and paint are 
used to protect the disk from moisture. 

The d-c characteristics of bead thermistors are conveniently plotted 
on double log-log graph paper which makes possible a quick determination 
of any one of the four pertinent quantities: resistance, voltage, current, 
or power. Figure 3-5 illustrates the use of such graph paper in plotting 
data on a V-5i9 glass-loaded thermistor bead, in air at atmospheric 
pressure. 

A number of the interesting and important d-c characteristics of 
bead thermistors can be observed from the curves of Fig. 3-5. Three 
curves are shown to illustrate the effect of ambient (room) temperature 
on the d-c bead characteristics. The higher the temperature of the 
bead environment, the less the d-c power needed to operate the bead at a 
specified resistance. The resistance of the bead can be varied over wide 
limits by either ambient temperature or d-c power. The burnout 
resistance is less than 10 ohms, whereas the ‘^cold^^ resistance, at negligi- 
ble power dissipation, is about 1000 ohms. The negative temperature 
(or power) coefficient of resistance of the thermistor is clearly apparent. 
It is particularly important to note that the voltage drop across the 
thermistor passes through a maximum value as the current through the 
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bead is increased. At a specified bead voltage, the bead resistance, 
current, and power may have either of two possible values. The voltage 
and resistance of the d-c supply dictate the equilibrium condition. 

The Bell Telephone Laboratories have developed a formula, Eq. (7), 
which expresses the resistance of the bead as a function of absolute 
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Fia. 3*5. — D-c voltage, current, resistance, and power data on a typical bead thermistor. 
(Data by courtesy of Bell Telephone Laboratories.) 

temperature, 

R = R, exp ^„)]’ (7) 

where / 

R = bead resistance at an absolute temperature K 
Rq = bead resistance at temperature Ko 
B = a constant, expressed in degrees Centigrade. 

Equation (7) may be rewritten as 



where 


R = 
j = 


( 8 ) 

( 9 ) 


92 MICROWAVE POWER MEASUREMENTS [Sec. 3-3 

Equation (8) is of limited use, however, since it does not differentiate 
between the effects of ambient temperature and of (/i/^)-heat dissipation 
on the resistance of the bead. If the reasonable supposition is accepted 
that the bead resistance depends only on its internal temperature regard- 
less of the source of the thermal activity, Eq. (8) may be rewritten as 

B 

R = (10) 

The constant C is a simple proportionality factor, expressed in degrees 
per watt, which linearly relates the effects of ambient temperature and 
(fl/2)-heat dissipation on the resistance of the bead. 



Fig. 3-6. — Temperature characteristics of a typical bead thermistor. 

Justification for the use of a simple proportionality factor has been 
found in experimental data of the sort shown in Fig. 3-6. The resistance 
of a V-519 thermistor has been plotted against power, at six ambient 
temperatures, covering a range of lOC^C in equal 20®C intervals. The 
curves should shift linearly, left to right, if the assumption involved in 
the use of (7 is a valid one. The observed shift is not quite linear, 
being slightly greater at high temperatures than at low temperatures, 
but is sufficiently linear to permit acceptance of Eq. (10) for many 
calculations. 
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The three fundamental parameters of the bead thermistor are J, B, 
and C, Parameter B is primarily a material constant, being determined 
largely by the composition of the thermistor mixture. It is dependent 
on temperature to a slight (and usually neglected) extent. Parameter J 
is primarily a geometrical constant, depending principally on such factors 
as the size of the bead, the spacing of wires within the bead, and the 
resistivity of the thermistor material. Parameter C is primarily a 
thermal constant, depending on such quantities as the thermal capacity 
and specific heat of the bead, the medium (usually air) in which the bead 
is immersed, and lead-wire conduction losses. It is temperature-sensitive 
to the degree made evident by the data plotted in Fig. 3-6. 

Equations (8) and (10) are also valid for disk thermistors. Usually 
the value of C is small for a disk because it has a relatively large heat 
capacity. Since the current it carries is a few milliamperes, the product 
CP is negligible compared to the value of K, and almost all calculations 
involving disk thermistors may therefore be made with Eq. (8). 

The values of «/, C, and ^ of a thermistor may be experimentally 
determined as follows. If the d-c powers, P\ and P2, required to bring 
the thermistor to a resistance Hi at temperatures Ki and respectively, 
are measured, then by definition. 


C = 


K2 - Ki 

l\ - 


( 11 ) 


To determine J and B it is necessary to use Eq. (10), which may be 
written as 

{B) + {K + CP) (In J) = {K + CP) In R. (12) 

If C is determined from Eq. (11), Eq. (12) may be considered as an 
equation in two variables: B and In J. Therefore, if a third power 
measurement P3 is made at a temperature and with the thermistor at a 
different resistance P3, values for B and In J may be obtained from 

(Ki + CPi){K, + CP3)(ln P3 - In Ri) 

{Ki + CPi) ~ (Ka + CPa) ' 

, r _{Ki + CPi) In Pi - (K, + CP3) In P3 .. .. 

- ^Ki + CPi) - {K, + CP3) * 

The resistance Pi is preferably chosen as the resistance at which the 
thermistor will be operated in the bridge circuit; P3 is preferably 100 
to 200 ohms greater. Ki and Ki are chosen as the extremes in tempera- 
ture over which the bridge circuit must operate, with Kz being chosen 
as an intermediate temperature. This selection of K and P values will 
lead to the most practical set of /, P, C values, since B and C are slightly 
temperature-dependent. It is advisable to operate the thermistor in a 
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precision balanced bridge while the data are being taken. This permits 
high accuracy in the determinations of H and P, Moreover, continued 
stability of the bridge balance over a long period of time guarantees that 
the bead has reached thermal equilibrium with its environment. Tem- 
perature data should be accurate to 

When determinations of B and C are made, it is important to mount 
the bead in a manner similar to that in which it will be used. The 
environment of the bead affects the values of both J and C, particularly 
if the bead has no surrounding glass capsule. An illustration of the 
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Lead length in 0.001 in. 

Fig. 3-7. — Power va. tie-wire length of unmounted D- 160382 glaaa-loaded thermistor bead 
in air. {Courtesy of Bell Telephone Laboratories). 

effect of environment may be found in Fig. 37, which shows the influence 
of the length of the 0.001-in. tie wires on the d-c characteristics of the 
bead. The effect of increased conduction losses if the wire lengths are 
shorter than a critical value is readily apparent. If the thermistor 
(bead or disk type) is immersed in oil or water or a vacuum, the values 
of J and C will be changed appreciably from those that obtain in air. 
Occasionally a thermistor with d-c characteristics that are radically 
different from the average is found. Close inspection will often reveal 
that the bead is not centered within the air cavity of the glass capsule, 
but is in contact or near contact with the capsule wall. The increased 
conduction losses caused by contact can severely affect the d-c charac- 
teristics of the bead. 

Considerable use will be made of Eq. (10) in subsequent sections 
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3f the chapter, and hence the values of J, and C assume importance. 
The equation is particularly useful in the design of certain types of 
direct-reading thermistor bridge circuits, and in studying the effects of 
d-c thermistor tolerances on the temperature compensation of the circuits. 

All disk thermistors have a value of B of 3890°C. Table 31 lists 
some of the disk thermistors that have been made by the Western Electric 
Company, together with their nominal values of J. The range of values 


- Gold'plate brass 
- 0.500 "h- 


0 . 200^1 


l-0.300sJ 




0.237" 


Silver 


li'L 

16 


(a) Standard D167332 


0.672" -H 


0.185^ k- 

==^ 


(c) Rad. lab. terminal 



(6) Modified D1 67332 (tO Final arrangement using standard 

silver and gold plated terminals 

Fro. 3-8. — An assortment of BTL bead thermistors u.sod in inierowavo power measurement. 

of J listed docs not typify the range that can l^e provided if need arises, 
llather, these happen to be values of J that were required to meet 
specific design objectives. 

Table 3T. — Values of J for Available Disk Thermistors 


Type No. Value 

D-169227 0.447 X lO"* ohm 

D-167613 0.705 X 10~’' ohm 

D-168391 1.52 X 10-^ ohm 

D-168392 1.59 X 10“^ ohm 

D-169228 2.82 X 10"^ ohm 


Table 3-2 lists the values of /, B, C of V-519 bead thermistors. The 
average and extreme values have been calculated from the Western 
Electric production test specifications; the tolerances are stated in terms 
of power variations at given resistance and ambient temperature. 

With very few exceptions, all bead thermistors that have been used 
in microwave power measurement are of the V-519 family. Many 
bead thermistors have been developed by the Bell Telephone Labora- 
tories, and subsequently put into production by the Western Electric 
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Company. They differ in the capsule, in the length of platinum-iridium 
tie wires, in the design of built-up lead wires, and in other geometrical 


Table 3-2. — Characteristics of V-519 Bead Thermistors 



Average 

Extreme no. 1 

Extreme no*. 2 

J: ohms 

0.555 

2,420 

11,440 

0.750 

2,402 

10,830 

0.228 

2,682 

11,960 

B; °C 

C; °C/watt 



respects which are important from the point of view of microwave imped- 
ance matching. However, many bead thermistors use the V-519 



Current in milliamperes 

Fig. 3-9. — D-c characteristics of two high-power bead thermistors. 

bead, and have the same d-c characteristics. Figure 3*8 shows a number 
of bead thermistors which are members of the V-519 family. 
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Brief investigations have been made of two high-power bead ther- 
mistors, the D-162046 and the V-520. The capsules are somewhat 
larger than those of the V-519 thermistor, but can be readily installed 
in 10-cm-band waveguide or coaxial-line mounts. The chief objection 
to large-bead thermistors is their excessive sluggishness. In most appli- 
cations it is preferable to use the V-519 bead with calibrated attenuators 
to reduce the microwave power level. The d-c characteristics of the 
high-power beads are shown in Fig. 3-9, together with those of the V-519 
for ready comparison. 

3-4. Operation of a Thermistor in a Bridge Circuit. — Consider a sim- 
ple series circuit consisting of a battery of potential a fixed resistance 
Ro, and a thermistor of resistance R. The voltage drop across the 
thermistor is given by 


RE 

Ro + R 


(15) 


To have a steady-state condition a second relation must be satisfied. 
Referring to Eq. (10), expressing P as V'^/Ry and solving for V 



A steady-state condition is reached when the thermistor resistance 
is such that the two expressions for V are equal. By plotting two curves 
of V vs. R, one from l^q. (15) and one from Eq. (16), the steady-state 
values of R and V may be determined from the point of intersection of 
the curves. Depending on which curve has the greater slope at the 
point of intersection, the steady-state condition may or may not be 
stable. In most bridge circuits, however, the equivalent series voltage 
and resistance of the d-c supply of the thermistor are such that the 
steady-state condition is stable, and there is a single crossover point 
for the two curves. 

The resistance Ro should be large enough to limit the series current 
to a value less than that required for burnout of the thermistor, which is 
slightly under 10 ohms. 

The maximum voltage in the thermistor characteristic curve is 
commonly called the ^^hump^^ voltage. As may be seen from Fig. 3*5, 
its value ‘depends considerably on the ambient temperature. A calcula- 
tion of the hump voltage is of interest in the design of battery-operated 
direct-reading bridge circuits that must operate at low temperatures. In 
order to have long battery life and yet hold battery weight to a minimum, 
it is desirable to use low-voltage dry cells in such wattmeters. However, 
the battery emf must be large enough to guarantee that the thermistor 
can be biased ^^over the hump'^ at the lowest temperature, since the 
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operating resistance is almost always less than the value associated with 
the hump voltage. 

The hump voltage, may be deteimined from Eq. (16) by differ- 
entiating V with respect to Ry and setting dF/dft = 0. Thus, 



(17) 

(18) 


where Rk is the resistance of the thermistor at the hump voltage By 
substituting Eq. (18) in Eq. (17), an expression for Yh as a function of 
Jy By C, and K may be obtained. The value of Vh calculated from Eq. 
(17) may be compared with the value of V calculated from Eq. (15) 
under the condition R == Rh- The value calculated from Eq. (15) must 
of course be larger than that calculated from Eq. (17), if the thermistor 
is to be successfully biased over the hump. If it is not larger, it is 
impossible to balance the bridge. It is interesting to note that if 
the bridge cannot be balanced for this reason, it is possible to warm the 
thermistor mount by holding it tightly in a bare hand, balance the 
bridge at the elevated bead temperature, and maintain the balance after 
the temperature has dropped to its initial value. In other words, a 
battery potential inadequate to balance the bridge at a low temperature 
may nevertheless be capable of holding the bridge at balance if it has 
help in achieving the balance condition. 

Although it is apparent from Fig. 3*5 that the resistance of a bead 
thermistor may be varied over a range of many hundreds of ohms, the 
practical operating range is confined to a fraction of this. If the ther- 
mistor is operated at too high a resistance it may be impo.ssible to balance 
the bridge at a high temperature. For example, the 60°C curve in Fig. 
3*5 demonstrates the impossibility of balancing a bridge that was designed 
to operate this particular thermistor at 7(X) ohms. If the operating 
resistance were 500 ohms, it would be pos8iV3le to balance the V>ridge, 
but the bridge current and driving voltage would be so small that poor 
sensitivity would result. Conversely, at very low resistance levels 
(for example, 10 to 50 ohms) the bead is operated dangerously close to 
burnout. Moreover, broadband impedance-matching of the thermistor 
is extremely difficult at such low resistances. Experience has shown that 
a bead thermistor of the V-519 family should be operated within the 
range of 100 to 300 ohms in order to achieve the optimum set of condi- 
tions on bridge sensitivity, ease of impedance-matching the thermistor. 
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safety from overload or burnout of the thermistor, and ease in effecting 
temperature compensation for the bridge. 

Bead thermistors of the V-519 family burn out at a resistance some- 
what less than 10 ohms. Almost invariably the burnout is not within 
the sintered bead, but in one of the two 0.001-in. tie wires, halfway 
between the bead and the tie-wire junction with the larger 0.030-in. lead 
wire. If the burnout results suddenly from application of excessive 
power, the bead itself is apparently unhurt. On at least two occasions 
determinations of J, J5, and C were made on bead thermistors, after 
which the thermistors were intentionally burned out by excessive power. 
The broken tie wires were spot-welded together and the data retaken. 
The changes noted were within the errors of measurement. Long-term 
application of power almost great enough to cause burnout can effect 
small changes in the values of J, and C of a bead; however, under 
normal conditions of use the beads can be considered to have very stable 
electrical characteristics. 

All thermistor mounts share one desirable property which has become 
known as the ^^self-fusing^^ property. The burnout resistance of a 
thermistor is so much lower than the operating resistance (that is, 5 ohms 
compared with 150 ohms) that the mount impedance becomes badly 
mismatched ))efore the thermistor can be burned out. As the mount mis- 
match increases, the generator delivers less power to the thermistor, so 
that a generator capable of delivering burnout power to a matched load 
will not necessarily burn out the mounted thermistor bead. Barretters 
do not share this advantage because of the much smaller difference 
between their operating and burnout resistance levels. 

Bead thermistors of the type commonly used for microwave power 
detection are relatively sluggish devices. Resistance-frequency and 
reactance-frequency graphs for a typical V-519 thermistor show that 
the resistance is constant and the reactance zero at frequencies greater 
than a few cycles per second. Consequently, audio frequencies at 60 cps, 
or greater, may be used as sources of thermal energy for the bead. For 
example, the middle or bottom curve of Fig. 3*5 may be reproduced by 
maintaining a constant a-f power dissipation in the bead at 0®C while 
the d-c power variations are being made. The amount of a-f power 
required to reproduce the 60®C curve at 0°C depends on the value of C 
for this particular bead. This may be seen by writing Eq. (10) as 

72 = J exp [x -t- C(P<, + i"a)] ^ \.(K + CPa) + cpj’ 

where Pa is the a-f power dissipation in the bead, and Pd is the d-c power 
dissipation. For the example just cited Pa should be chosen so that 
{K + CPa) = 273 + 60. 
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3*6. Audio-frequency Response of Bolometers. — Although a V-519 
thermistor responds only weakly to a-f voltages, a combination of a 
thermistor and an a-f amplifier has been used to advantage in making 
low-level pulse-power measurements. For example, in making produc- 
tion-line measurements of TR leakage power, a thermistor in a balanced- 
bridge circuit is used to measure the average power coupled through a 
standard hole.^ The standard hole provides reproducible leakage from 
a transmission line carrying pulsed magnetron power. After the bal- 
anced-bridge measurement is made, the thermistor is switched to an 
amplifier circuit which is tuned to the pulse-repetition frequency. In 
order to preserve the microwave impedance-match of the thermistor, 
the amplifier bias current must be set at the same value required to 
operate the thermistor in the balanced bridge. The amplifier gain 
control is adjusted to make the amplifier read directly in pulse power, 
see Eq. (1). A 20-mw pulse-power signal for a ^-^isec pulse at 1000 pps 
will provide an input voltage signal of 10 to 20 /xv, depending on the 
magnitude of the thermistor bias current. This is adequate to operate a 
sensitive a-f amplifier. The amplifier calibration is checked periodically 
by measuring the leakage power from the standard hole. A barretter, 
because of its much smaller time constant, would provide a considerably 
larger voltage signal under the same operating conditions. However, 
the barretter, unlike the thermistor, does not have the ability to with- 
stand large overloads without burnout, and every defective TR tube would 
result in a barretter burnout. 

In order to understand certain phenomena that are troublesome 
in the design and use of sensitive a-c bolometer bridge circuits, it is 
necessary to probe into the mathematics of the periodic excitation of 
bolometers. It will be assumed that the bolometer time constant is 
large compared to the period of the modulation of the power, but is at 
the same time not a negligible factor. In other words, the average 
(internal) temperature of the bolometer will be large compared to the 
periodic variation of resistance. The rate of heat generation in the 
bolometer will be given by the product of the average bolometer resistance 
and the square of the bolometer current. Variations with resistance 
in the rates of heat generation and dissipation will be negligible second- 
order effects. The law of conservation of thermal energy demands that 

(P -Po)dt = dT, (20) 

where P is the instantaneous power level, Po the average power level, 
H the heat capacity of the bolometer, and T the instantaneous tem- 
perature of the bolometer at the time t For small periodic variations 

' J. B. Wiesner, ^‘Details of X-Band High Level TR Tube Test Bench, RL Report 
417, February 3. 1944. 
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in temperature, it may be assumed that the bolometer resistance varies 
linearly with temperature, or 


dR j 
= 


( 21 ) 


where k is the dynamic temperature coefficient of resistance. If Eq. (21) 
is substituted in Eq. (20) and integrated, 

R = Ro + ^ f\p- Po) dt. ( 22 ) 

If the excitation of the bolometer is by an a-f current of constant 
amplitude, 

I = h cos (23) 

Eq. (22) may be written as 

R = R^ + ~ J‘ (^Roll cos^ dt, 

or 

ft = ft,, ^ sin 2a.<^- (24) 

From Eqs. (23) and (24) the expression for the voltage E appearing 
across the bolometer terminals becomes 


E = /ofto cos oil + 


ftoA-/§ 

SHo) 


(sin ut + sin SwO- 


(25) 


If k is negative (the case of the thermistor), the equivalent circuit 
is sho^vn in Fig. 310o, and 


C, = 


ft. = 


-8ft 

A-fto/S’ 


Rokll 

SHw 


sin 3iot. 


(26a) 

(266) 


If k is positive (the case of the barretter), the ecpiivalent circuit is shown 
in Fig. 3-106, and ^ 

= (27a) o-AAAHH^ 

Ei = sin 3o>t. i’^b) 

0/1 0) a b 

Fiq. 3-10. — Equivalent circuits for (a) a 
If d-c and a-f currents are applied thermistor and (b) a barretter excited by 
. 1 i xi 1 A a constant-amplitude a-f current. 

simultaneously to the bolometer, a 

second generator is added in series with the first in the equivalent circuit. 
For the thermistor, the second generator voltage is given by 


kRoilQ . , 


(26c) 
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where i is the direct current through the bolometer. For the barretter, 
the second generator voltage El is given by an equivalent expression 

E^ = sin 2to^ (27c) 

It is interesting to note that the apparent reactive elements Lb and Cty 
behave as real reactive elements in that they are independent of fre- 
quency. However, they are unlike true reactive elements in that their 
magnitudes depend on h. 

The above development has been necessary to demonstrate the follow- 
ing pertinent facts. If a bolometer is used as one arm of an a-c bridge 
circuit, and if the bridge is balanced for the fundamental a-c frequency, 
the third (in the a-c and d-c case, the second and third) harmonic will 
usually appear as an unbalanced voltage across the center of the bridge. 
Moreover, if the bridge is unbalanced for the fundamental frequency, 
this frequency will suffer a phase shift. The harmonic unbalance 
prevents a zero meter reading unless the a-f amplifier has good harmonic 
rejection. The phase shift of the fundamental frequency is troublesome 
in the design of self-balancing a-c bridge circuits which must use pro- 
perly phased feedback loops. 

It should be noted from Eqs. (266), (26c), (276), and (27c) that 
the amplitudes of the harmonic voltages can all be reduced by increasing 
the frequency. Thus, if an r-f current is modulated by an audio fre- 
quency, the radio-frequency component may be neglected and only 
the modulation envelope considered. If the r-f current is square-wave 
modulated, the power is then given by the Fourier series 

r> D I 4Po ( cos (^t cos 3a;/ , COS 5o)t 
P = + 3- + ^- 

If a d-c bias current i is used, Eq. (22) may be integrated and solved 
for the bolometer voltage E with the result 

IP - ^ .D I ^kiPofain oit sin So?/ , sin 5w/ \ 

E-tR- tRo + ^ 4- - • • • I (29) 

It is apparent from Eq. (29) that only odd harmonics of the modulation 
frequency are generated. The sign of k is of no importance. The Fourier 
expansion given in Eq. (29) will be readily associated with a triangular 
waveform. 

If the skin depth for current in thermistor material at microwave 
frequencies is calculated, it is found to be in excess of the diameter of a 
V-519 bead. Consequently, a bead thermistor will be heated the same 
by microwave currents as by d-c currents, and it is a satisfactory detector 
for absolute power measurements. Careful comparisons of thermistors 
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and barretters in power measurements in the 3-cm and 10-cm bands have 
shown agreement between them that is well within experimental error. 
The glass loading and glass capsule of the thermistor are formed from a 
special low-loss Coming glass. The tie-wire losses are negligible except 
when the operating bead resistance is well under 100 ohms or when 
the frequencies are extremely high. There is, however, a question as to 
whether tie-wire losses are indeed negligible in the 1-cm band. This 
problem is discussed in detail in Sec. 3*21 in connection with 1-cm-band 
thermistor mounts. 

3*6. Temperature Compensation of Direct-reading Bolometer 
Bridges. — There are two phases to the problem of temperature compensa- 
tion for direct-reading bolometer bridges. It is desired that the bridge 
sensitivity should be independent of temperature changes, and that 
the bridge should not drift from a condition of balance to one of small 
unbalance as the ambient temperature varies. It should be emphasized 
that the techniques developed for temperature compensation in direct- 
reading bridge circuits do not provide perfect compensation. The cir- 
cuits are almost invariably designed to have maximum effectiveness 
for the bolometer with average d-c and temperature characteristics, and 
the compensation for such a bolometer can usually be made very good. 
However, it is seldom desirable to adjust the circuits individually to take 
into account bolometer variations; consequently a compensating circuit 
designed for the detector with average characteristics may or may not 
be satisfactory for bolometers having charactei istics of extreme values. 
Since most designs of direct-reading bridges to be discussed in this section 
and in Sec. 3 7 have been developed for quantity production, it is neces- 
sary to state specifications on temperature compensation that will 
apply to any thermistor or barretter that meets the d-c and temperature 
test specifications of the manufacturer. 

The degree of difficulty involved in providing sensitivity compensa- 
tion depends largely on the ambient-temperature range over which the 
bridge is expected to operate, and on the tightness of the tolerances in 
the test specifications of the bolometer. These same factors influence 
the problem of providing drift compensation, but there is an additional 
factor which often makes this problem more serious. Whereas sensi- 
tivity compensation is almost independent of the bridge sensitivity, 
the balance drift increases directly with bridge sensitivity. A given 
small change in ambient temperature Avill produce an unbalance deflection 
of the meter which is proportional to the bridge sensitivity. 

Sensitivity compensation is essential, but drift compensation is 
merely desirable. Much time is saved in operation of the bridge if the 
drift compensation is good. For example, there is always a possibility 
that a small ambient-temperature variation may occur between the 
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time the d-c bridge is balanced and the time the meter deflection is 
noted after introduction of microwave power to the bolometer. Thus 
the power determination may be in error, and it is necessary to make a 
series of readings in order to ensure the correctness of the measurement. 
Satisfactory drift compensation avoids this repetition of measurements. 
Frequently the bridge must be transported from a warm room to a much 
colder outdoor location; an uncompensated bridge will drift rapidly 
for many minutes before the detector has reached temperature equilib- 
rium and a stable bridge balance can be obtained. In some instances 
it is desirable to use a recording bridge meter to provide a continuous 
record of the variations in microwave power over long periods of time. 
In such an application, drift compensation becomes a necessity in order 
to avoid appreciable errors. Seldom is the drift compensation so good 
that the manual bridge-balance control (usually a d-c potentiometer) 
can be entirely eliminated. However, a single fine-adjustment control 
is quickly and easily used. Subsequent discussions of bridge designs 
will emphasize the techniques used to provide drift and sensitivity 
compensation. The remainder of this section will consider only ther- 
mistor bridges. These will be discussed in approximately the chrono- 
logical order of their development in order to display better the logic 
underlying their development. 

In considering sensitivity compensation it is essential first to under- 
stand why bridge sensitivity varies with temperature. Experimentally, 
it is found that the sensitivity of an uncompensated thermistor bridge 
(wherein balance is obtained by an adjustment of the bridge current) 
increases as the ambient temperature decreases. Neglecting the tem- 
perature coefficients of resistance of all elements except the thermistor, 
there are three potential explanations: (1) the detector sensitivity (in 
ohms per milliwatt) of the thermistor varies with temperature; (2) the 
resistance of the bridge supply and the thermistor-current supply varies 
with temperature because of the bridge-current adjustment; and (3) 
the driving voltage across the bridge terminals varies with temperature 
for the same reason. 

If Eq. (10) is differentiated to obtain an expression for the detector 
sensitivity of the thermistor, 

dR cR(, R\ . , ,, 

^ — -g I In j 1 ohms/watt. (30) 

Since K does not appear in Eq. (30) it is to be concluded that the detector 
sensitivity of the thermistor is independent of ambient temperature 
provided that the resistance is held constant. This condition is met 
by the procedure of balancing the bridge at each and every temperature 
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before delivering microwave power to the thermistor. Consequently, 
the first of the above-mentioned possible explanations must be discarded. 

It is found experimentally that the bridge sensitivity is markedly 
temperature-dependent even when the bridge- and the thermistor- 
current supplies have a high resistance. This high resistance is changed 
inappreciably when the bridge current is varied to effect balance over a 
wide temperature range, so that the second possible explanation is of 
minor importance. 

Consistent with the third-mentioned possibility, it is found that 
bridge sensitivity varies directly with the bridge driving voltage, as the 
bridge driving voltage is changed by adjustment of the bridge current 
in traversing a vnde ambient-temperature range. The first bridge design 
to utilize this observation in providing sensitivity compensation is 
described in the next section. 

3*7. The V-bridge.^An example of a bridge with sensitivity compen- 
sation is known as the V-bridge. A circuit diagram of the bridge is 
shown in Fig. 3T1. 

The V-bridge is designed to operate the bead thermistor Thi at a 
resistance of 200 to 300 ohms, depending on the optimum value for 
microwave impedance-matching. Potentiometer Ru is set accordingly. 
Cascaded voltage-regulator tubes provide a well-stabilized d-c bridge 
voltage that can be adjusted by R^. The adjustment is such that the 
d-c bridge current will effect bridge balance at an ambient temperature 
somewhat in excess of the highest temperature at which the bridge is 
expected to operate. At lower ambient temperatures the d-c current 
is inadequate for bridge balance, and a-f (1000 to 2000 cps) power is 
superimposed on the d-c thermistor power in an amount sufficient to make 
the bridge balance. A 6J5 tube is used in a modified Wien-bridge circuit, 
with a suitable output transformer, to provide a stable a-f current. 
Potentiometer R^ is used for manual adjustment of the bridge balance. 
With /?6 set at the middle of the range, and at an ambient temperature 
which is roughly at the middle of the operating temperature range, 
Ri is adjusted for bridge balance. Thereafter the Ra setting is left 
untouched, and all further balancing is conducted vdth R^, 

A d-c meter (200 )ua full scale, 50 to 75 ohms coil resistance) is used 
as the bridge galvanometer. Full-scale sensitivity of the bridge is 
standardized at 2 mw by adjustment of the meter shunt Rie, 

Since the bridge meter responds only to direct current, and since the 
d-c bridge driving voltage is maintained constant over the operating 
temperature range, the sensitivity of the bridge is relatively independent 
of temperature changes. It is essential, however, that the a-f supply 
impedance, as measured at the thermistor terminals, be kept close to the 
operating resistance of the thermistor, If this condition is not met, the 
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Fig. 3*11. — Circuit diagram of the direct-reading thermistor V-bridge. 
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a-f power in the thermistor will vary with the bridge unbalance and 
serious error can accumulate. A change in ambient temperature may 
occur between the times of bridge balance and bridge unbalance caused 
by the applied microwave power. Since the bridge must operate the 
bead at any place within the 200- to 300-ohm range, and since the a-f 
supply impedance also varies with temperature, some error in sensitivity 
compensation is thereby realized. The compensation achieved with this 
bridge design is ± J db over a temperature range from —10° to -b60°C, 
for any thermistor of the V-519 type. An uncompensated thermistor 
bridge would have a sensitivity variation in excess of ± 1 db over this 
same temperature range. 

This circuit illustrates the first attempt to use a disk thermistor for 
drift compensation. The disk thermistor Th^ is placed in parallel with 
the bridge network in the a-f bridge supply, and acts as a temperature- 
sensitive shunt element to control the a-f bridge voltage. As the ambient 
temperature increases, the resistance of the disk decreases. The disk 
therefore becomes a more effective shunt element, reduces the a-f current 
in the bridge network, and decreases the a-f power dissipation in the bead 
thermistor. For perfect drift compensation, the disk thermistor would 
have to limit the a-f power dissipation in the bead thermistor to the exact 
amount required for bridge balance at any ambient temperature. A 
bead thermistor of average J, C, values is used in designing the drift 
compensator, and a decade resistance box is placed in shunt with the 
bridge in the a-f bridge supply. Bridge balance is made over a wide 
temperature range by manual adjustment of the decade box, with the 72 b 
control left untouched at its midposition. The curve of decade-box 
resistance vs. ambient temperature must then be matched by the R-K 
curve of an available disk thermistor. It is convenient to prepare a 
family of curves with Ru as the parameter, and to select the value of 72i8 
that provides an 72-K curve that an available disk thermistor will match. 
Subsequent developments involving the use of disk thermistors in 
resistive T-networks have led to more accurate matching of the R~K 
curve, but the single D-167()13 disk used in this circuit is surprisingly 
effective. The unbalance drift is less than full scale at a sensitivity 
of 2 mw full scale over the temperature range of ± 35°C. The maximum 
slope of the drift curve for any bead of the V-519 type is approximately 
3.5 per cent of full-scale deflection per degree C. In the average bead 
for which the circuit is designed, with the bead operating at 250 ohms, 
the unbalance drift is ± i full scale, and the maximum slope 1.6 per 
cent of full scale per degree C. 

Several factors collectively limit the maximum sensitivity of the 
V-bridge to approximately 1.7 mw full scale. The meter sensitivity 
cannot be increased appreciably without sacrificing the ruggedness 
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required if the instrument is to be readily portable. The d-c bridge 
driving voltage is relatively low because of the necessity of using a-f 
power, in part, to balance the bridge. The higher the maximum tempera- 
ture at which the bridge must operate, the lower the d-c driving voltage 
that can be used. The a-f and d-c supplies provide sufficiently stable 
voltages for operation of the bridge at a 2-mw full-scale sensitivity, but 
any attempt to increase bridge sensitivity by using a much more sensitive 
galvanometer would cause trouble from inadequate voltage regulation. 
Finally, drift compensation by disk thermistors becomes increasingly 
more difficult at higher sensitivities because of the difficulty of maintain- 
ing the disk and bead thermistors in temperature equilibrium. The 
disk is installed on the outside of the metal mount for the bead thermistor, 
but the small temperature gradient that can exist between the disk and 
the bead becomes increasingly more significant and troublesome as the 
bridge sensitivity is increased. 

The only front-panel controls on the V-bridge are the manual bridge- 
balance control /^6 and a push-button switch, Sw-2. This switch shunts 
the meter with a 5-ohm resistor, greatly decreasing the nominal sensitiv- 
ity of the bridge. It is useful for indicating, not measuring, power 
levels of 2 to 50 mw. Further, if the microwave power level is not 
kno^vn approximately before measurement, it is wise to get a preliminary 
indication with the 5-ohm meter shunt in order to avoid a violent off- 
scale deflection of the sensitive meter. 

The following changes in the circuit diagram shown in Fig. 3T1 per- 
mit the operation of the bead thermistor at 125 ohms in the V-bridge 
circuit: (1) change R 2 from 4000 to 2500 ohms; (2) change Ru and R 12 
from 500 to 300 ohms; (3) eliminate Rn; (4) set Ru at 25 ohms; (5) 
change Ci from 1 /x/ to 2 nf; tap the a-f voltage off terminal 5 rather than 
terminal 2 of the secondary of the output transformer; (6) recalibrate. 

The V-bridge has no self-contained calibration device. It is cali- 
brated against a balanced bridge, and the calibration must be repeated if 
a new bead thermistor is installed. 

3-8. Temperature Compensation with Two Thermistor Disks. — The 

most frequently voiced objections to the V-bridge have been its circuit 
complexity and its physical size. Whereas neither is objectionable for 
use of the bridge as a portable laboratory milliwattmeter, it is highly 
desirable that a milliwattmeter for field service be considerably smaller 
and simpler in design. The need for a simple, compact bridge circuit is 
also felt in the design of signal generators and field test sets. After 
considerable development work, the design of the ^Hwo-disk^^ thermistor 
bridge, which requires only direct current for its operation, evolved. In 
this circuit, sensitivity compensation is achieved by installing a disk 
thermistor in series with the bridge meter thereby making use of the fact 
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that bridge sensitivity can be controlled by adjustment of the meter-arm 
resistance. At the low ambient temperatures where an uncompensated 
bridge becomes more sensitive, the disk increases the meter-arm resistance 
to compensate. Similarly, constant sensitivity is maintained at high 
temperatures through the decrease in meter-arm resistance resulting 
from the reduced disk resistance. Drift compensation is achieved 
through the use of a second disk thermistor which 
is placed in shunt with the bridge, the technique 
being similar to that used for drift compensation in 
the V-bridge. 

The success of the design obviously rests on the 
resistance-temperature {R-K) characteristics of the 
two disk thermistors. The disk characteristic must 
match the R-K curve necessary for compensation, 
over the entire temperature range. A perfect match 
at all temperatures (hence perfect compensation) is 
not possible. However, by installing the disk in 
a network of ohmic resistors it is possible to match at several arbitrarily 
chosen points along the curve, and to have small errors at temperatures 
which lie between these points. It can be shown that aT-network, Fig. 3T2, 
is as general a network as need be used with a single disk thermistor. 

Since there are four variables in the network, the three resistors and 
a disk of arbitrary J-value, it is to be expected that the desired R-K curve 

may be matched at four points. How- 
ever, it is often satisfactory to match 
at three points, and thereby permit 
greater latitude in the choice of the 
disk thermistor. An available disk 
may suffice, and thereby obviate the 
need for manufacturing a special disk 
thermistor. This has been an impor- 
tant consideration since there must 
exist numerous variations of the two- 
disk bridge design to meet the various 
field and laboratory demands. 

If the R-K curve necessary for perfect compensation (drift or sensi- 
tivity) has been experimentally determined by the use of a decade resist- 
ance box, the problem is that of designing the circuit, Fig. 3T2, to match 
this curve. The curve to be matched is fortunately a smooth one in all 
but rare instances, and is of the form shown in Fig. 3T3. 

Consider the network^ as a two-terminal-pair network with the disk 

' R. Krock and N. Painter, “The Two-disk D-c Thermistor Bridge Circuit,*' 
RL Report 602, Jan. 12, 1944. 



Fio, 3*13. — A roMistaiico-tempera- 
ture curve of the whape that can bo 
matched by the network shown in 
Fig. 3- 12. 



tive network for modi- 
fying the resistance- 
temperature character- 
istic of a disk ther- 
mistor. 
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thermistor connected to one pair of terminals, 
are 

El = Rllh + Rltl2y 
Ei = Riil I -{■ Riilij 


The network equations 
(31) 


where the resistance of the network as a whole is Ei/I\ = ft, and the 
resistance of the disk is 


- I* = 

li 


(32) 


With these substitutions Eq. (31) may be reduced to 

(R - Rii)Je^'^ + iR- Rn)R2t + (R^r = 0. (33) 

The quantities 7^22, and (RnY may be considered as the three 
variables. If three equations are made of Eq. (33) by substituting known 
resistances at known temperatures (see Fjg. 3*13), values for the quantities 
may be determined as 

J = a(a - 

- (Rn - bRx)] 

B B 

= «(Kii - aR,)(R„ - - 1) 


r B B 

Ri2 = a [{Rn - a/ei)e^«‘^» 



where a is a proportionality constant relating each variable to the cor- 
responding cofactor of the first row of the determinant formed from Eq. 
(33). 

From Eq. (34) it may be determined that 


where 

P 

Qi 

Qt 

Qi 

M 

N 


Rn = Ri^ 


Rtt “ ocRi 


Q2 


Rit = 


Ma- (M - N)b - N 
{M - N)a - Mb + Nab 
(a - b)l{M - N)b - M{N + l)o + (M + l)N] 
{a - b) VMN{M - N){\ - a)(l - b) 

^Ki #Ci __ 1 

_j5 

gfCt Kt - 1^ 


(36) 


For any physically realizable network Ru ^ /?ii, and Rit ^ Rtt- These 
conditions may be used to define the maximum and minimum values that 
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a may assume. Thus, 

O3 
O2 

It is not always possible to match a given R~K curve at three points. 
However, it is easy to determine whether a three-point match is possible. 
It has been shown in Eq. (36) that a must lie within a specified range if the 
required network is to be a physically realizable one. The limiting case 
must occur when anu« = ctmin. If this equality is assumed, Eq. (36) may 
be reduced to a cubic in a and 6 . This cubic can be factored into a com- 
bination of a linear and a second-degree function that, when plotted on an 
a -6 plane, defines a crescent-shaped area 
such as that shown in Fig. 3- 14. 

In the experimental R-K curve shown 
in Fig. 3*13, only those curves whose a-h 
points fall within this crescent area can be 
matched at the chosen three points. It 
is also possible to demonstrate that the 
dashed, straight line of Fig. 3-14 has special 
significance. The crescent area to the 
right of this straight line is concerned with 
matchable R-K curves having negative 
second as well as first derivatives; the 
crescent area to the left of the dashed line 
is concerned with curves having positive 
second but negative first derivatives. (No curves with positive first 
derivatives can be matched by a disk- thermistor network.) The slope of 
the dashed line (or its intercept along the a axis) is determined by the 
spacings of Ki, Ki, and Kz, For example, the intercept is a = 0.5 for 
(Kt — Ki) = (X 3 — Kz). The boundary curves which define the crescent 
are also dependent on Ki, Kj, and Kz, 

The equations just stated are sufficient to permit calculation of the 
constants of the compensating network. However, a set of three graphs 
can be prepared from which the constants can be readily calculated by 
simple interpolation procedures. Such graphs are invaluable if there are 
numerous curves to be matched. To explain the origin and use of this set 
of graphs the following extension of the foregoing theory is necessary. 
From Eqs. (35) and (36) the three pertinent equations may be restated, 




in which the a-b points of Fig. 3-13 
must fall if the R~K curve can 
be matched by the network of 
Fig. 3- 12. 




( 37 ) 
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fill _ ^ 
fii ■“ P' 
R22 _ ^ 
afii “ P‘ 


(38) 

(39) 


The right side of each equation is a function only of a and 6, once values 
have been assigned to B, fii, K^y and Ks> Hence it is possible on an a-b 
plane to plot a family of curves, each member of which has a definite 
value of Similar families of parametric curves can be drawn for 

fiii/fii and 11 ^ 2 / ctRi, 

Since values for a, 6, and fii are known from the curve to be matched, 
the value of fin can be obtained from the family of curves based on Eq. 
(38). By dividing Eq. (39) by Eq. (38), squaring, and multiplying by 
Eq. (37), 



By proper interpolation on each of the three prepared graphs values for 
amin, (fi 22 /«fil)^ aud (fin/fii)^ may be obtained. Then from Eq. (40), 
the value for am^x may be determined. In the first line of Eq. (34), J is 
expressed in terms of a and experimentally kno^vn constants. A value of 
a is selected which lies within the range defined by Eq. (36) and which 
requires the J-value of an available disk thermistor. From the set of 
curves based on Eq. (39), R 22 may be calculated. The value of fii 2 may be 
determined by squaring Eq. (39) and multiplying by Eq. (37). The 
result, combined with the last line of Eq. (35), leads to 



This step completes the determination of the circuit constants. 

It frequently happens that the calculated value of one of the network 
resistors is only a few ohms, and the resistor may therefore be eliminated. 
Similarly, it is usually possible to depart slightly from the calculated 
resistance value in order to use an RM A-standard resistor. 

It should be pointed out that a four-point matching procedure does not 
extend the crescent area of Fig. 3' 14 and therefore does not permit a wider 
variety of R-K curves to be matched than when three points are used. 

It must be emphasized that these calculations neglect the heating effect 
of the current passed through the disk thermistor. This is certainly safe 
for the disk used for sensitivity compensation because the meter-arm cur- 
rents are of the order of microamperes. The drift-compensator disk must 
pass currents, however, in the milliampere range, and care should be used 



Sbo. 8 . 0 ] 


THE CALCULATION OF COMPENSATION 


113 


in selecting disks for this application. Regardless of the J-value, the disk 
must be sufficiently large, and hence have a sufficiently large heat 
capacity, to keep the product CP negligible compared with K, Fortu- 
nately, the drift-compensator disk carries the largest currents at high 
ambient temperatures where its resistance is lowest. 

3*9. The Calculation of R-K Curves for Temperature Compensation. 
The above treatment of the problem of the design of a compensating 
circuit is based on an experimental determination of the R-K curve to be 
matched. This is a fundamental limitation because it is difficult to handle 
the tolerance problem in bead-thermistor characteristics. Whereas disk 
thermistors can be made uniform, the tiny beads are found to vary con- 
siderably in their ambient-tem- 
perature and d-c characteristics. 

Invariably there arises the problem 
of determining the success of the 
compensator circuits for limit 
beads in the bridge circuit, and 
such limit beads are seldom 
available for experimental tests. 

Consequently, it is often desirable 
to be able to calculate the R-K 
curves which must be matched. 

Such calculations must be based on 
known circuit quantities, including 
the values of J, /?, and C of the bead thermistor used. Equations permit- 
ting these calculations can be used for other purposes. It is often desir- 
able to calculate the range of the meter shunt resistance needed to 
standardize bridge sensitivity over the entire range of values of J, B, and 
C. Likewise, meter overload currents in the event of thermistor burnout, 
minimum supply voltage needed to avoid “hump trouble^' at low ambient 
temperatures, and the maximum range of resistance variation needed in 
the manual bridge-balance control can be calculated. 

Consider the bridge circuit shown in Fig. 3T5 in which S and D repre- 
sent respectively the sensitivity- and drift-network resistances. Both S 
and D vary with temperature, of course. 

If the drift compensator is to maintain the bridge at balance, inde- 
pendently of temperature, then Ohm^s law demands that 



Fig. 3- 15. — Diagram of two-disk bridge 
circuit with sensitivity compensator S and 
drift compensator D. 


D = 


rA 


2io 


- (A + r) 


(42) 


where io is thermistor current at bridge bii lance. 

An expression for to may be obtained from Eq. (10) by setting R = A, 
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and P == Ally thus, 



where the values J, By and C are those of the bead thermistor. 

From Eq. (42), with substitution for to according to Eq. (43), the 
D~K curve that is to be matched by the drift compensator may be cal- 
culated. It is important to recognize that the values of r and E have an 
appreciable effect on the shape of the D-K curve required for perfect drift 
compensation, and some judgment is necessary in selecting the value for r. 
It is convenient to plot on the a-6 plane the locus of the a-b points for D, 
as r is varied. The locus curve will intersect the crescent at some given 
value of r, and this places a limit on the value of r that will permit a match- 
able D~K curve. Deep within the crescent the matching problem is easy, 
particularly since the range of disk J-values acceptable for a three-point 
match is broader there than near the boundary of the crescent. Thus it is 
easier to select a standard disk. If the value of r (for a given E) is rela- 
tively small, it may be reasoned that the drift compensator draws large 
current. This is objectionable because either voltage-regulator tubes or 
batteries have limited current drain, and, as previously mentioned, the 
calculation can prove erroneous if the disk passes a large current. Finally, 
it must be remembered that the slope of the S-K curve for the sensitivity 
compensator depends on r. Consequently, a second locus curve on the 
0-6 plane shomng the locus of the a-b points of S as a function of r is 
needed to make the final decision. Usually the intercept of the D-K curve 
with the crescent boundary limits the maximum value of r, and the inter- 
cept of the S-K locus curve also limits the maximum value of r. The 
smaller of the two maxima dictates, of course. 

The problem of calculating the S-K curve to be matched is more tedi- 
ous than that of calculating the D-K curve. The steps involved are the 
following. Equation (10) may be rewritten as 

where P is the microwave power in the thermistor bead, and p the d-c 
power in the thermistor bead. If e, and f, represent, respectively, the 
thermistor bead d-c voltage and current, 

'''- 7 : 1 . 

p = edt j 


( 45 ) 
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If Eq. (46) is substituted in Eq. (44), and solved for P, 

K 


P = 


B 

C 




edt 


(46) 


A mesh-equation analysis of the unbalanced bridge circuit of Fig. 3-15 
leads to the expressions for et and it 


et = 

it = 
where 


A^E' r 

(Ro + A) L 


2A(Ro + 
AE‘ 


(ZRoRg -1- 2ARo + 2AR, -f- A^) 


2A(P« + 




JfL.' 

AE'_ 


I -1- (floP„ + 2AP« -h 2AR, + 3A*) ’ 

AEj 


(47) 

(48) 




E 


1 + 


D 


Ro = 


1+5 


and 


Ra = S + 


AE' 


sRm 

$ + Rm 


2A{Ro + A) 


= to 


as defined by Eq. (43). 

The objective is an equation relating P to Igj Rg^ K and other circuit 
parameters including the values of J, B and C of the bead. Then, for 
given values of P and Ig (that is, constant bridge sensitivity) Rg (hence S) 
may be calculated as a function of K. Substitution of Eqs. (47) and (48) 
in Eq. (46) should accomplish this, but unfortunately the resulting equa- 
tion, even with the simplifications resulting from the neglect of second- 
order terms, is extremely involved. It is preferable to plot curves of et 
and it against Rgj and to use these curves to plot P vs. Rg. The curves 
must be plotted for each of the three match points — Ki, and K^. The 

procedure leads to the values of Rg (hence S) that the sensitivity compen- 
sator must meet at the three temperatures. 

The procedure may be reversed and P calculated for known values of 
I Of D, and S at any temperature. This is the technique used to study the 
success of drift and sensitivity compensators on limit beads after they 
have been calculated for a bead with average values of J, B, and €. 

Although the equations presented above are applicable only to a 
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bridge with all arms equal at balance, it is possible to derive equivalent 
equations for a bridge using unequal arms. Many of the two-disk bridge- 
circuit designs use unequal arms, primarily to economize on bridge cur- 
rent, (see Table 3*3). 

In the above theoretical treatment of the problem the effect of tem- 
perature on other circuit constants has not been considered. Bridge-arm 
and other resistors having small temperature coefficients of resistance are 
preferred. The effect of temperature on the resistance of the copper 
meter coil, however, is often not neglibigle, and the calculated S-K curve 
should be corrected to include this. 

Bridge sensitivity is standardized in the two-disk circuit by selecting 
the proper value of 5 (the meter shunt) for the bead used. Since the 
parallel combination of meter and shunt is usually small compared with 
the resistance of S, this calibration technique has a minimum disturbing 
effect on the accuracy of the sensitivity compensator. Since the two-disk 
bridge circuit is not self-calibrating, it is desirable to install the meter- 
shunt resistances on the spare thermistor mounts. The shunts are made 
from the same wire used in winding the meter coils to avoid a temperature- 
dependent current split between the meter and the calibrating shunt. A 
nominal 200-/Lia, 68-ohm meter is used with the meter resistance set at 
75 ± 1 ohms with a selected adjusting resistor. The normally large 
tolerances on meter coil resistance demand that this be done. All cir- 
cuits must be checked for meter current in the event of thermistor burnout 
to be certain that the overload current is within the rating of the meter. 

The sensitivity of the two-disk bridge circuit is commonly adjusted 
to 2 mw, full-scale deflection. Many of the factors wliich limit the maxi- 
mum sensitivity of the bridge are identical with those already discussed 
in connection with the V-bridge. In addition, there is the obvious limita- 
tion on bridge sensitivity arising from the use of a sensitivity compensator 
which adds to the meter-arm resistance. 

Experience has shown that better drift and sensitivity compensation 
can be realized if the bead thermistor is operated at a relatively low resist- 
ance. For example, if the thermistor can be impedance-matched for 
microwaves as well at 125 ohms as at 250 ohms, the 125-ohm operating 
resistance should be selected. At the lower resistance level the internal 
temperature {K + CP) of the bead depends more on the power-dissipa- 
tion term, CP, and less on the ambient temperature K, Hence a given 
variation in K represents a smaller percentage variation of the whole, and 
the ambient-temperature variation proves less troublesome. 

It is always possible in the two-disk bridge circuit to ground electrically 
the drift-compensator disk to the bead thermistor mount. This is desir- 
able from the point of view of obtaining good thermal contact between the 
bead and the disk; however, the sensitivity-compensator disk cannot be 
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grounded to the bead mount. Since electrical insulators are usually poor 
thermal conductors, this poses a problem. Fortunately the d-c voltage 
between the sensitivity-compensator disk and ground is small, so that a 
very thin mica or polystyrene wafer is sufficient to insulate the sensitivity- 
compensating disk from the bead mount. If the mount is made of 
aluminum, the surface may be anodized in a thin film in order to provide 
the necessary insulation. 

It is possible for a single disk thermistor (in a resistive T-network) to 
provide both sensitivity and drift compensation in a d-c bridge circuit. 
Since bridge sensitivity is dependent on the resistance of the bridge-cur- 
rent supply, it is possible to conceive a drift-compensating network which 
would vary this supply resistance in the exact manner necessary for simul- 



Fig. 3*16. — Circuit diagram of the two-disk thermistor bridge circuit (see Table 3*1 for 

circuit constants). 


taneous sensitivity compensation. This condition has been met in a 
bridge circuit designed through the cooperative efforts of the Aircraft 
Radio Corporation and the Radiation Laboratory (see Table 3-3). 
Unfortunately the development came too late in the history of the Radia- 
tion Laboratory to permit a theoretical study of the conditions necessary 
to achieve these results with a single disk. 

Figure 3T6 shows a detailed circuit diagram of the two-disk bridge 
circuit. The circuit constants are given in Table 3-3. The constants for 
four of the numerous two-disk circuits that have been developed are 
tabulated. 

Any of the four bridge circuits will maintain the sensitivity constant 
to within ± i db over a 75®C ambient-temperature range for any bead 
thermistor in the V-519 family. The zero-drift specifications vary some- 
what among the several circuits, but a typical specification is maximum 
drift of ± i full-scale deflection at a full-scale sensitivity of 2 mw. The 
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maximum slope of the drift curve is 3 per cent of full-scale deflection per 
degree Centigrade. 

In conclusion, the two-disk bridge circuit represents a good com- 
promise between accuracy of compensation and simplicity of design. 
The thermistor bridge circuits discussed in the following paragraphs are 
capable of greater accuracy and greater sensitivity, but involve relatively 
complicated and expensive circuit design. 


Table 3-3. — Circuit Constants Applicable to Fig. 3- 16 



Circuit #1 

Circuit #2 

Circuit #3t 

(Circuit |4 

Ri 

430 ohms 

250 ohms 

300 ohms 

180 ohms 

Ri 

430 

250 

300 

180 

Rz 

180 

250 

130 

130 

Ri 

0-200 

0-500 

0-200 t 

0-200 t 

Ri 

82 

Zero 

Not Used 

Zero 

Ri 

120 

20 

Not Used 

Zero 

Ri 

270 

250 

Not Used 

130 

R> 

33 

40 

Zero 

Zero 

R, 

Zero 

36 

200 

82 

Rio 

15,000 

475 

620 

780 

Rn 

330* 

5000 

7000 

6500 

Rn 

0-400 

0-750 

0-1000 

0-1000 

E 

6 volts 

105 volts 

150 volts 

150 volts 

M 

75 ohms 

68 ohms 

75 ohms 

75 ohms 

I\ 

Any bead thermisto 

r in the V-519 family 

T, 

D-169227 

D-168392 

Not used 

D-168392 

Tz 

t 

D- 169227 

D-168391 

D-168392 

D-168391 


♦ Rn shunts Ri2 in this case, 
i A4 in series with meter in this case. 

X Example of the one-disk bridge circuit. 


3- 10. The W-bridge . — The direct-reading W-bridge, a circuit diagram 
of which is given in Fig, 3*17, is a thermistor bridge that has a maximum 
full-scale sensitivity of 0.1 mw. It differs from the V-bridge and two-disk 
circuits in that the initial bridge balance is made entirely with 2000-cps 
a-f power in the bead thermistor. The bridge unbalance is amplified, 
phase detected, and registered on a d-c milliammeter. A d-c calibrating 
signal is used to standardize the bridge sensitivity at the ambient tem- 
perature at which microwave power measurement is to be made. This 
technique circumvents the need for a sensitivity compensator of the sort 
discussed in connection with the two-disk bridge circuit. Compensating 
networks are not reliable at high sensitivities because of the slight tem- 
perature gradients that invariably exist between the detector element and 
the compensator. Drift control is realized by installing the thermistor 
mount in a thermostated oven, or, in many cases, in a box filled with rock 
wool to provide a very long thermal time constant. 
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The a-f oscillator in the W-bridge is a parallel-T feedback oscillator 
using one-half of a 6SN7 tube, F4a. There are two feedback paths, one of 
which is the winding in the cathode circuit of the tube. It is in phase Avith 
the plate of the tube. The second feedback path is through two parallel 
/?C-circuits — one being a low-pass filter, and the other a high-pass filter. 
Both /2C-circuits are calculated so that Xc = at 2000 cps. At the 
crossover point the amplitude feedback is zero and the phase is indetermi- 
nate, passing from —90® to -f-90®. Thus the arrangement represents a 
transformer feedback oscillator v\dth a negative feedback circuit which 
prevents oscillation except at the one frequency at Avhich the negative 
feedback voltage is zero. Since any distortion would represent frequency 
components other than 2000 cps, the output power will be very nearly 
a perfect sine wave. In order to stabilize the oscillator amplitude, a signal 
voltage from the oscillator is rectified and used to control the B+ voltage. 

The amplifier consists of a 6SH7 pentode (Fi) followed by one half of a 
6SN7 triode (F2«), the other half of which is used as a buffer amplifier. 
In order to avoid any appreciable phase shift at 2000 cps, large coupling 
and bypass condensers are used. All leads from high-impedance points 
should be shielded to avoid a-f pickup. 

A phase-detector circuit is necessary to indicate whether the resistance 
of the bead thermistor is greater than or less than that required for bridge 
balance. A signal from the oscillator is mixed with the amplified signal in 
transformer Ti. With no signal from the bridge, both grids of detector 
Vz should receive equal signals, and R is adjusted to make certain of this. 
The cathodes remain at the same potential, and no current flows through 
the meter. Each positive peak charges up one of the condensers (Ci or 
C2), which discharges slowly during the remainder of the cycle. If the 
bridge is unbalanced, the amplified unbalance voltage has either the same 
or opposite phase as the plate of the a-f oscillator V 4. Since the voltage 
is applied to the center tap of the secondary of Ti, the entire secondary has 
this voltage. On the other hand' the signal applied from the oscillator 
through the buffer amplifier to the primary of Ti will provide secondary 
voltages which are equal in magnitude, but 180® out of phase at the ends of 
the secondary winding. Center-tap signals from the unbalanced bridge 
will therefore increase the positive peak amplitude on one Side of the 
center tap, and decrease it on the other. Finally, since the cathode volt- 
age is proportional to the grid voltage, there will be a potential drop across 
the meter which indicates the degree of bridge unbalance. Since the 
meter impedance is low, the meter current is proportional to grid voltage 
up to nearly 2 ma, or twice full-scale deflection. . The primary of Ti is 
connected so that a decrease in thermistor resistance causes a positive 
meter deflection. 

The bridge circuit is calibrated by first balancing with the audio fre- 
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quency, and then adding a known (100 fiw) d-c power to the thermistor to 
produce a condition of unbalance. A variable gain control in the amplifier 
circuit is used to set the meter at the desired deflection. For example, if a 
200-mw full-scale sensitivity is desired, the meter deflection would be set 
at one-half full scale when the 100-mw calibrating signal is applied. When 
calibrating, the 0- to 1-ma meter is switched from its amplifier-output posi- 
tion to the high-resistance d-c bridge supply. In this position it permits 
adjustment of the d-c current to the value required for the calibration. 
The calibrating current is calculated from Ohm’s law, neglecting the fact 
that the thermistor resistance is slightly less than the balance value when 
the direct current is applied. The resulting error in power measurement 


Fia. 3‘18. — Photograph of the direct-reading thermistor W-hridge. 

is less than 1 per cent if a 100-/xw calibrating signal is used. If reduced 
sensitivity is desired, that is, 1 to 2 mw full scale, a push-button switch 
operating a 10:1 resistance divider in the amplifier circuit may be used 
when setting the gain control for a 100-/xw calibrating signal. This 
technique avoids the appreciable error that would result if a 1- or 2-mw 
calibrating signal were used directly. When switched to the calibrating 
position, the meter is shunted so as to read the thermistor current 
directly. 

In order to prevent heater-voltage changes in the oscillator from 
changing its output power, the B+ voltage is controlled by the oscillator 
voltage. This also makes the oscillator output voltage independent of 
loading. Tube F4;,, one-half of a 6SN7 connected as a diode, is used 
to rectify the voltage from a 120-voIt winding on the oscillator trans- 
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Fig. 3- 19. — Circuit diagram of the thermistor X-bridge. 
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former. The rectified voltage controls the grid of the 6SH7 regulator, 
thereby making the B+ voltage vary to keep the a-f voltage constant. 
The diode is connected so that the grid is used as a plate, since this 
decreases the period of warm-up drift. 

The bridge usually requires capacitance across the thermistor to effect 
a true balance for the fundamental a-c frequency. The third harmonic 
generated by the thermistor, when the bridge is balanced at full gain, is 
approximately 1 volt at the output terminals of the amplifier. The error 
caused is negligible at a 0.1-mw full-scale sensitivity. 

The bridge is capable of operating a V-519 bead thermistor at any 
resistance within the range of 100 to 500 ohms. The accuracy of the 
bridge in the rated sensitivity range is limited only by the accuracy of 
the meter, bridge-arm resistances, and meter shunt. Figure 3T8 shows 
a photograph of the front panel of the W-bridge. 

3-11. The X-bridge. — For some applications, for example the meas- 
urement of TR leakage power, the W-bridge does not have adequate 
sensitivity. To meet these needs a special, more complicated bridge 
circuit was developed which became known as the X-bridge. A circuit 
diagram of the X-bridge is given in Fig. 3T9. 

The X-bridge is capable of a maximum full-scale sensitivity of 15 /xw, 
but may be used at sensitivities as low as 2 mw full scale. In principle 
it is similar to the W-bridge, but in order to realize the greater sensitivity 
it has a higher-gain amplifier, and more stable d-c and a-f supplies. An 
additional front-panel control facilitates adjustment of the thermistor 
balance resistance in 10-ohm steps. Both a magic eye and a d-c, zero- 
center galvanometer are used to indicate bridge balance. 

Unlike the W-bridge, the X-bridge may be used as a balanced as 
well as a direct-reading bridge. The initial balance is made with a-f 
power, and with the thermistor connected to the microwave source. 
When the microwave source is disconnected, balance is restored by adding 
d-c power. The magic eye is conveniently used for approaching the 
balance condition quickly, and the galvanometer is used in making 
the final exact balance. 

It is almost essential that the thermistor mount be used in a tempera- 
ture-stabilized oven when operating at or near the maximum sensitivity 
of the X-bridge. If this is done, the accuracy or the instrument is 
limited almost solely by the calibration accuracy of the d-c milliammeter. 
It is important that the bridge be balanced capacitively as well as 
resistively. If there is a large out-of-phase voltage at resistive balance, 
the amplifiers may be overloaded and may become nonlinear. At 
sensitivties greater than about 25 mw full scale, the large third-harmonic 
signal generated by the thermistor destroys the linearity between bridge 
sensitivity and amplifier gain. Consequently, direct calibration in this 
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power range is greatly preferable to using fixed gain steps in the amplifier 
circuit. 

A fairly satisfactory oven for the thermistor mount can be designed 
around a simple bimetallic thermostat switch. A nichrome heating 
coil is wound around the outside of a tubular asbestos coil form; the 
thermistor mount is placed within the tube. A material such as rock 



Fia. 3*20. — Schematic diagram of an oven temperature-control circuit using a disk ther- 
mistor as the control element. 


wool is stuffed both inside and outside the coil form to reduce the tend- 
ency for overshooting.”^ It is important to isolate the thermistor 
mount thermally from the microwave transmission line extending from 
the oven in order to avoid a direct conduction path of low thermal 
impedance. A length of coaxial cable or a section of metalized-plastic 
waveguide is effective for this purpose. 

A more elaborate but more exact control of temperature can be 
realized by the use of a disk thermistor as the control element; see 
Fig. 3-20. 

^ ** Notes on the Design of Temperature Control Units/' General Radio Experi- 
menter, Vol. XIX, No. 3, Aug. '44. Cambridge, Mass. 
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The disk thermistor constitutes one arm of an unbalanced bridge 
which is driven at 60 cps through a filament transformer. The disk 
is installed on the body of the bead-thermistor mount. Fluctuations 
in the temperature of the disk vary the output voltage of the unbalanced 
bridge. This output voltage is amplified and detected to provide a 
bias voltage which varies with temperature. The bias voltage controls 
the firing time of thyratrons whose plate supply is derived from a power 
transformer. Firing can be controlled over one-fourth of a cycle for 
each tube. Since the oven heaters constitute the load on the thyratrons, 


Effective voltage applied to heater 




Fig. 3*21. — Diagram illustrating the action of thyratrons in the circuit of Fig. 3*20. 


the average power supplied to the heaters can be varied by a factor of 
two. 

The effective firing curve for one thyratron is shown in Fig. 3-21. 
By superimposing an a-c signal on the bias voltage, the intersection of 
the firing-signal and firing-voltage curves can be made more nearly 
normal, thus minimizing erratic firing. A filament transformer can 
be used for this purpose, as indicated in Fig. 3*20. 

The oven used with the circuit can be very simple. Since no relays 
are involved the control is continuous, and no thermal insulation is 
needed between heaters and thermistor mount to reduce cycling effects. 
The resistance-wire heaters are tightly wound around the thermistor 
mount and coated with a paste which hardens to a porcelain-like material. 
The entire mount is then encased in a small box. A properly designed 
circuit of this type will hold the amplitude of the ambient-temperature 
cycle of the bead thermistor to within ±0.1°C. 

In this application of the disk thermistor it is not required that the 
disk and bead thermistors be at exactly the same ambient temperature. 
Rather, it is required only that the small temperature gradient between 
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the two be constant. This condition is readily met since the ambient- 
temperature range is extremely limited within the oven. 

3*12. Self-balancing Bridges.— It is possible to design a self-balancing 
a-c bridge circuit^ that utilizes the principle of negative feedback for 
control. Such a circuit is shown in Fig. 3*22. It was developed to 
serve as a tool for the microwave impedance-matching of thermistors. 
Many thermistor mounts have tuning mechanisms that must be adjusted 
for optimum broadband performance, and it is necessary to maintain the 
thermistor at a specified resistance while making these adjustments. 
This is conveniently accomplished by installing the thermistor in a 
self-balancing bridge circuit to obviate the necessity of frequent manual 
rebalance during this period of mount adjustment. 

A 6J5 a-f oscillator, tuned to approximately 2000 cps, supplies bias 
power to the bridge. Any out-of-balance voltage across the bridge is 
amplified by two 6SJ7 stages, and is applied back to the grid of the 
oscillator so as to change the oscillator output voltage in the direction 
required to restore bridge balance. A twin-T resistance-capacitance 
feedback network is used to stabilize the oscillator frequency. This 
network includes a 0.1-mcgohm potentiometer to vary the oscillator 
output voltage. In order to minimize the feedback necessary to main- 
tain bridge balance, the oscillator output voltage is advisedly adjusted 
to a level only slightly higher than that needed to balance the bridge at 
the lowest thermistor resistance to be considered. The first amplifier 
stage drives the grid of a normally open 6E5 magic-eye tube. Any 
appreciable out-of-balance voltage causes the 6E5 to bias itself to 
cutoff, and the eye closes. Consequently, the eye provides a convenient 
indication of the satisfactory operation of the bridge. Leads need not 
be shielded if they are short, but 60-cps pickup on the feedback leads 
can unbalance the bridge by changing the oscillator output voltage. 

In practice, it is necessary to connect the thermistor and to set the 
resistance-level selector switches at the desired thermistor resistance. 
The circuit will hold the thermistor resistance within 2 ohms of the 
selector-switch setting — adequate control for ordinary requirements. 
No attempt has been made to modify this circuit to permit measurement 
of the microwave power that is dissipated in the bead while the mount 
is being adjusted. However, the Bell Telephone Laboratories have 
developed a self-balancing bridge for power measurement which utilizes 
a similar feedback loop to maintain the balance.^ 

The BTL bridge, like the V-bridge, relies on a constant d-c bridge 
driving voltage to maintain sensitivity independent of ambient tempera- 
ture. Unlike the V-bridge, it uses a second bead thermistor rather than 

'L. Mann, “Thermistor Bias Supply,*’ HL Report 55-7/17/44A. 

* “Temporary Instruction Manual for X-66399A Power Meter,” BTL. 
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a disk thermistor as the control element for the a-f bridge power, and 
an a-f feedback loop to maintain automatically approximate bridge 
balance over a wide ambient-temperature range. The second or com- 

Rf power 
measuring head 



Fig. 3-23. — Circuit diagram of the BTL self-balancing thermistor bridge circuit. 


pensating bead is installed in a separate slave'' bridge, as shown in 
Fig. 3-23. 

The d-c power in the microwave bead is standardized at 7 mw with 
the d-c microammeter switched to the ‘‘200" position where it serves 
as a high-impedance voltmeter across the r-f thermistor. Since the r-f 
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bridge is always in balance, the bead resistance is known and the d-c 
power standardization can be made by adjustment of to place the 
correct d-c voltage across the r-f bead. When the control switch is 
turned to the meas-power position, the d-c voltage is unchanged. 
The total bead power required for balance of the r-f bridge is greater 
than 7 mw, hence the deficit must be met by the oscillator. However, 
the oscillator also transmits power to the bead in the compensating 
bridge. The amount is insufficient 


to balance the compensating 
bridge, and this deficit is corrected 
by varying the d-c power (R^) 
until the meter reading indicates 
a condition of balance. At this 
point both bridges are balanced, 
each using a combination of alter- 
nating current and direct current 
to bring the thermistor to the 
desired resistance. 

With the control switch set at 
the position 8 mw of d-c 

power (an increase of 1 mw) flow 
into the r-f thermistor. The os- 
cillator amplitude is reduced suffi- 
ciently to restore balance in the r-f 
bridge ; however, this reduction in 
oscillator amplitude unbalances 
the compensating bridge. The 
resistance 7^3 is then adjusted for 
a half-scale reading of the meter, 



thereby standardizing the bridge 
sensitivity at 2-mw full scale. 
Although the a-f feedback loop 


Ambient temp. 

Fig. 3*24. — Diagram to illustrate prin- 
ciple of drift compensation in the BTL 
direct-reading thermistor bridge. 


will maintain balance of the r-f 


bridge over a wide temperature range, the slave bridge will not neces- 
sarily remain in balance throughout the whole of the same ambient- 
temperature range. Because of variations in the d-c characteristics of 
beads, some provision must be made in the circuit design to correct for 
these differences if the slave bridge is also to remain in balance. The 
solution of the problem is best explained by reference to Fig. 3-24. 

Assume that two thermistors having characteristics as shown in Fig. 
3-24 are placed in the bridge circuits. These characteristics show the 
variation in a-c thermistor power required to hold the thermistors at a 
constant value of resistance over a wide ambient-temperature range. 
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The slope characteristic (C-value of the bead) is constant and independent 
of the operating resistance of the bead. When the ambient temperature 
rises from T 2 to Ti, the a-c power required to hold the r-f bead at con- 
stant resistance decreases by an amount h — c. A proportional change 
in power occurs in the compensating thermistor, but since the slope of 
the curve of one thermistor is greater than that for the other a greater 
change in bias power is produced than is required for bridge balance. 
However, if i ?4 is adjusted so that the proportion of a-c power into the 
two thermistors is correct for their individual slopes, the bridges will 
remain balanced for all variations in ambient temperature. 

The sensitivity deviation with temperature is no greater than ±0.1 
db from — 40°C to +55°C. Over the same temperature range, the zero 
drift with no manual adjustments does not exceed ±2.5 per cent full 
scale at a sensitivity of 2 mw full scale. An implicit advantage in this 
bridge design is the fact that the r-f thermistor is held at a constant 
resistance level; thereby the additional error introduced because the 
microwave impedance varies with varying bead resistance is avoided. 

In addition to the circuits already discussed other direct-reading 
thermistor bridges have been developed which are simple variations 
of these designs. The development of thermistor-indicator circuits 
has progressed further than the development of thermistor mounts. 
Demands for increased bandwidth in the mounts will continue until 
a mount is developed that will be satisfactorily impedance-matched 
over the entire frequency spectrum from audio frequencies to microwave 
frequencies and beyond. On the other hand, a bridge design is relatively 
unaffected by bandwidth considerations and expansion of the present 
microwave region should offer no new problems in bridge design. 

3-13. Thermistor Mounts. — The microwave transmission-line housing 
or mount” for the thermistor is probably the most difficult design 
problem that arises in the development of thermistor equipment for 
microwave power measurement. The most obvious and mi^st essential 
requisite of the mount is that it be closely matched to the characteristic 
impedance of the transmission line with which it is to be used. The 
exactness of the impedance match required is a function of the normalized 
generator impedance as measured at the input terminals of the thermistor 
mount. For example, if the generator is matched to the line, a thermistor 
mount having a voltage standing- wave ratio of 1.4 will cause an 8 per 
cent error in power measurement. However, if the generator VSWR 
is also 1.4, the error may lie anywhere within the range of 0 to 12 per 
cent, depending on the relative phase of the two mismatched impedances. 

Tuning elements may be used to match the mount exactly to the 
transmission line at a specified microwave frequency. This is customary 
when the most accurate possible power determination is desired; how- 
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ever, it is more often true that a thermistor bridge must be operable over 
a broad frequency band with no frequency-dependent adjustments to 
complicate the operation. This demands a detector mount having a 
broadband impedance match. Unfortunately, from the viewpoint 
of the mount designer, the bandwidth requirements are often so broad 
that it is extremely difficult to maintain a close impedance match (hence 
negligible error in power measurement) throughout the frequency band. 
Consequently, it has been necessary to strive for the best possible broad- 
band match realizable in the time alloted for the development, recog- 
nizing that the errors due to impedance mismatch at some frequencies 
will not be exactly negligible. In other words, accuracy is sacrificed 
for convenience in the operation of the equipment over a broad frequency 
band. These comments are considered necessary to justify the high 
maximum voltage standing-wave ratios that are accepted in some of the 
mount designs to be discussed. 

The microwave leakage from or into the mount is important. If the 
power levels to be measured are very Ioav or if the mount is to be used in 
a signal-generator powder-monitoring circuit, it must be designed so that 
there is no effective leakage path in shunt with the thermistor. If the 
mount is to be used in a bridge circuit for absolute power measurement, 
it should not have any sources of powder dissipation other than the 
thermistor. ''Lossy tuning elements and other defective electrical 
contacts must be carefully avoided. 

For convenience in discussion, thermistor mounts may be classed as 
untuned, fixed-tuned, or tunable. An untuned mount is one that 
incorporates no readily adjustable tuning (or matching) element. It is 
designed so that the thermistor wuth average microw^ave characteristics 
is satisfactorily impedance-matched over the specified frequency band. 
Untuned mounts are commonly used in the 10-cm band and longer 
wavelengths, where the variations in the impedance characteristics of 
thermistors are relatively small. At shorter wavelengths it is usually 
necessary to use mounts of the other types. A fixed-tuned mount is one 
which incorporates tuning adjustments that are set in the laboratory for 
the individual thermistor and never changed. The adjustments are 
commonly made to effect a nearly perfect impedance match at the mid- 
band frequency, and the design of the mount dictates the extent of 
mismatch at the band edges. The tuning adjustments make possible 
some compensation for the variations in the microwave impedance 
characteristics of thermistors. Fixed-tuned mounts are commonly 
used at 3 cm and in the 1-cm band. Tunable mounts may be very 
similar to fixed-tuned mounts, except that the tuning adjustments are 
set for optimum impedance match at each frequency. The tuning 
mechanisms may be micrometer-operated so that tables of calibration 
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data can be prepared to facilitate proper settings at each frequency. 
Such a mount is advisable for use in precise power determinations where 
the broadband match of a fixed-tuned mount is not good enough. Occa- 
sionally it is possible and practical, in balanced-bridge operation, to 
maintain a satisfactory impedance match over a broad band by varying 
the operating resistance (as a function of frequency) of a thermistor in a 
fixed-tuned mount. This is more convenient and economical than the 
use of an elaborate, calibrated tunable mount. 

In general, two different approaches to the problem of designing 
fixed-tuned mounts have been tried, and each has its merits. In some 
instances it may be found preferable to design a preliminary untuned 
mount so that a reasonably satisfactory impedance match is obtained 
without resort to any tuning adjustments. The addition of tuning 
elements that introduce small reactance variations permit a more exact 
impedance match over a broader band. The tuners act simply as trim- 
mers,'' and are usually installed near the detector element. An alter- 
native and sometimes necessary procedure is to accept an initially bad 
impedance match in the untuned mount, and to use high-reactance tunera, 
often placed an appreciable distance from the detector element, to 
effect the desired match. The success of the latter approach depends 
heavily on the impedance characteristics of the untuned mount as a 
function of frequency and on the reproducibility of the impedance 
characteristics of the detectors. 

In waveguide mounts the operating resistance of the bolometer is 
customarily chosen at approximately the characteristic impedance of 
the waveguide. Experience has shown that this choice usually leads to 
optimum broadband matching. In coaxial lines the bolometer is more 
commonly operated at a resistance greater than the characteristic 
impedance of the line. The impedance of the line is so low, usually 50 
ohms, that a thermistor would be operating too close to burnout and 
would demand excessive bridge current at this resistance level. 

3-14. Untuned Coaxial-line Thermistor Mount. — Figure 3-25 shows 
the construction of an untuned thermistor mount developed for 10-cm- 
band use. This construction has been used in both f- and |^-inch, 
60-ohm coaxial lines. The center conductor of the mount is supported 
by a broadband quarter-wavelength stub. The thermistor is installed 
in series with the line at the end of a half-wavelength tapered section 
of the inner conductor. A 1- to 2-mil mica or polystyrene wafer, part 
(1), terminates the transmission line in a short circuit for microwaves 
and an open circuit for direct or audio-frequency current. In contrast, 
the stub line provides a short circuit or ‘‘return path" for direct current, 
and an open circuit for microwaves. 

The small end of the truncated inner-conductor taper is drilled, and 
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two normal, diametrical saw cuts are made to form a set of four fingers 
to pressure-grip one of the thermistor lead wires. The opposite lead 
wire extends through a brass disk, part (2), which has a set of four coned 
contact fingers similar to, but shorter and stiffer than, those on the inner- 
conductor taper. The brass disk (4) which seats on part (2) has a 
drilled cone with a cone angle smaller than that of the fingers on disk 
(2). Consequently, pressure of part (4) against part (2) forces a firm 
grip on the thermistor lead wire. The polystyrene disk (6) and ring (7) 
prevent a d-c short circuit within the cap assembly. Parts (5) and (8) 
include the inner and outer conductors of a standard Amphenol or 
Selectar coaxial-line fitting to connect the thermistor to its bridge circuit. 



Fio. 3-25. — Drawing of a coaxial-line untuned thermistor mount for 10-cm band. 


The impedance characteristics of the mount are influenced appreciably 
by the inner-conductor taper and by the choice of hole diameter in part 
(3). The taper length is chosen as X/2 at the midband wavelength. 
The ID of sleeve (3) dictates the thermistor operating resistance at which 
best impedance-matching is realized. The optimum operating resistance 
is found to decrease with the ID of the sleeve, and this variable may be 
used effectively in designing a mount to operate with an available 
bridge circuit. Adjustment of this dimension affects both the distributed 
capacitance and distributed inductance of the short length of trans- 
mission line surrounding the thermistor capsule. At the same time, 
adjustment of the operating resistance of the bead influences both 
the reactive and resistive components of the series impedance caused 
by the bead. It is believed that a proper combination of the two factors 
results in a resonant circuit with a very low Q because of the loading 
provided by the bead. Such a low-Q resonant circuit in conjunction 
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with a line taper could be expected to present a broadband impedance 
match. 


Table 3*4. — Influence of Thermistor Resistance on VSWR of Untuned 

Thermistor Mount 


Resistance 

100 ohms 

150 ohms 

200 ohms 

250 ohms 

300 ohms 

350 ohms 

VSWR at 9 cm 

2.75 

1.9 

1.5 

1.3 

1.2 

1.2 

VSWR at 10 cm 

2.45 

1.7 

1.4 

1.25 

1.3 

1.4 

VSWR at 11 cm 

2.15 

1.4 

1.1 

1.1 

1.3 

1.5 


Table 3*4 shows the influence of the operating resistance of a D-166382 
bead thermistor on the VSWR of a i-in. coaxial mount of the untuned 
type shown in Fig. 3*25. The tabulated data suggest 250 ohms as a 
desirable operating resistance. Table 3*5 demonstrates the broadband 
characteristics of the mount for twelve D-166382 beads chosen at random 
and operated at 250 ohms. The problem of thermistor variations is 
clearly apparent from the data of Table 3-5. 


Table 3-5. — Data to Illustrate Broadband Impedance Matching of Untuned 
J-INCH Coaxial Mount, with Twelve D-166382 Thermistors, Operated at 

250 Ohms 



8.0 cm 

9.0 cm 

9.8 cm 

10.7 cm 

11.6 cm 

12.5 cm 

Max. VSWR 

1.28 

1.27 

1.30 

1.23 

1.15 

1.14 

Mir. VSWR 

1 1.07 j 

1.12 

1.10 

1.07 

1.05 

1.05 

Avg. VSWR 

1.16 

1 : 

1.22 

1.14 

1.13 

1.10 

1.10 


The installation of the bead in the untuned coaxial-line mount is 
extremely critical. It is necessary to make the sleeve, part (3), long 
enough to accept the longest glass capsule length within tolerances. 
Since these tolerances are large, some capsules \vill require that no more 
than 80 per cent of the sleeve length be used. In this case the capsule 
must be installed so that the bead within the capsule is as close as possible 
to the short-circuited end of the transmission line. The farther the 
bead is removed from the short circuit, the greater the reactance in 
series with it that is caused by the short-circuited length of transmission 
line. Table 3*6 illustrates the importance of proper positioning of the 
bead within the mount. The data were taken with a D-166382 ther- 
mistor operating at 250 ohms in an untuned i-in. coaxial-line mount. 
The gap distance mentioned in Table 3-6 refers to the gap between the 
end of the glass capsule and the mica wafer, part (1). 

Comparable impedance matching has been obtained with f-in. 
untuned coaxial mounts. In both the f- and |-in. models, empirical 
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attempts were made to improve the impedance matching further by 
tapering the front end of sleeve (3). The blunt end shown in Fig. 3*25 
was found to be as good as, or better than, any of several tapers that 
were tried. 


Table 3-6. — Influence of the Position op the Thermistor with Respect to 
THE Short Circuit on the Characteristics of the Untuned Mount. 
Values of VSWR at Various Wavelengths 


Gap distance, mrn 

8.0 cm 

1 0.0 cm 

9.8 cm 

10.7 cm 

11.7 cm 

12.5 cm 

0 

1.22 

1.15 

1.12 

1.09 

1.09 

1.09 

1 ! 

1.3^ 

1.30 

1.25 

1.16 

1.04 

1.04 

2 

1.5 

1.35 

1.20 

1.17 

1.03 

1.06 

3 

1.5^ 

1.5 

1.35 ! 

1.17 

1.05 

1.09 

4 

1.6 

1.5 

1.4 

1.22 

1.06 

1.09 

6 

2.0 

1.9 

1.65 

1.35 

1.19 

1.22 

8 

2.5 

2.1 

1.95 

1.55 

1.31 

1.35 


This mount construction has maximum practicability in the 10-cm- 
band region. For wavelengths much longer than 10 cm, the X/2 taper 
becomes objectionably long. For wavelengths much shorter than 10 cm 
the increasingly pronounced variations in the impedance characteristics 
of the thermistors demand a fixed-tuned or tunable mount design. 


Bead 
thermistor 



Fig. 3*26. — Drawing of the untuned coaxial thermistor mount with disk thermistors. 


Figure 3*26 shows a drawing of the assembled untuned thermistor 
mount. The mount includes a built-in, constant-impedance taper from 
the f-in. coaxial line to a type N jack fitting. The brass block for mount- 
ing a disk thermistor is clearly shown. Such a design is used when it 
is necessary to connect the mount to a flexible microwave cable. How- 
ever, flexible cables should be avoided in power measurements whenever 
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possible. Cable fittings often introduce appreciable reflections which 
effectively increase the VSWR of the thermistor mount. 

3*16. A Double Thermistor Mount. — A British research agency, 

Radar Research Development Estab- 
lishment, has designed a novel 70- 
ohm, coaxial-line thermistor mount ^ 
that uses two bead thermistors to dis- 
sipate the microwave power. The 
construction is shown in Fig. 3*27. 
The coaxial line is terminated by a T 
located in a round, pillbox cavity. 
The cavity is nonresonant, and the 
position of the bottom plate is said not 
to be critical. The thermistors are in 
parallel for microwaves but in series to 
direct current. The series combina- 
tion comprises one arm of a d-c bridge 
circuit which uses disk thermistors for 
temperature compensation. The most 
interesting feature of this untuned 
mount is that the series combination 
of thermistors obviates the necessity of 
using a stub support for the d-c bridge 
return. In addition, no tapers are 
used, and the mount can be made 
The maximum VSWR of the mount is 1.25 over 
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Fig. 3-27. — Section drawing of the 
Radio Research Development Estab- 
lishment lO-cra-band thermistor mount. 


Thermistor Mounts. — A different 


extremely compact, 
the 9- to 11-cm band. 

3*16. Broadband Coaxial-line 
technique for achieving broadband 
impedance matching has been used 
in a 30-cm band (780 to 900 Me/ 
sec) coaxial thermistor mount. A 
simple diagram of the construc- 
tion is shown in Fig. 3-28. 

A stub and a series-transformer 
section, each X/4 long, are used to 
impedance-match the thermistor. 

The bead is operated at a resistance 
twice the value of the characteristic impedance of the transmission line 
with which the mount is to be used. The design principle is valid only 
if this condition is met. As previously stated, there are objections to 


JL 






Fio. 


3-28. — Diagram of a 1000-Mc/sec 
coaxial thermistor mount* 


* G. F. Gainsborough, personal communication. 
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operating a thermistor at a resistance as low as 50 or 70 ohms, the com- 
mon values of the characteristic impedance for coaxial lines; however, 
operation of the bead at 100 or 140 ohms is not objectionable. The 
design principle involved is particularly applicable at relatively long 
wavelengths where the reactive component of the thermistor impedance 
is both small and relatively frequency-insensitive. 

At the midband wavelength, the X/4 stub has no influence on the 
input impedance of the mount, and the series transformer accomplishes 
the impedance match. If the mount were to be used as a narrow-band 
mount, it would be entirely satisfactory to follow elementary design 
practice and specify the characteristic impedance of the series trans- 
former as the geometric mean of the desired input impedance of the 
mount and the thermistor impedance at point c in Fig. 3-28. How- 
ever, for broadband use, there is an advantage to specifying a charac- 
teristic impedance for the transformer (and stub line) which is somewhat 
different from the geometric-mean value. Moreover, the stub and series 
transformer tend to cancel reflections at wavelengths removed from the 
midband wavelength. 

Referring to Fig. 3*28, let Fo be the characteristic admittance of the 
line to the left of the stub, and let Fi be the characteristic admittance 
of both the stub and series-transformer sections of line. Let ya, Vhy and 
ye be, respectively, the admittances at points a, b, and c of the line to 
the right of these points. Let be the admittance of the stub line. 
Then 

ya = yb + ys ^ ( 49 ) 

ys = -jFi cot plo = “i (50) 

where 

P s tan filoj 



The admittance yc of the thermistor at point c can be transposed to point 


h by the equation 


yb = Fi 


yc + jYiP 
Y I + jycP 


(51) 


If Eqs. (50) and (51) are substituted in Eq. (49), and ya is set equal to Fo 
since a match is desired, 


y — Y i-P -• 

" ' Fj + jyj^ ^ P 

(52) 

If Eq. (52) is solved for yr/Yoy 




Vc “/ 

Fo O ^ ^ "P 

(53) 
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By inspection of Eq. (53), it is apparent that if yc/Yo equals ^ (that is, 
the thermistor is operating at a resistance of 2Zo), and if the mount is 
impedance-matched, then 



At the midband wavelength P = c© , and 



(54a) 


(545) 


This is the result that the above-mentioned geometric-mean calculation 
gives. However, is approximately equal to 80 at the ends of the 780-^v. 
to 900-Mc/sec band, and better broadband performance can be expected 
if 


Fi 


Fo p 

V2 \79 


(54c) 


This technique of impedance matching leads to a VSWR-X curve like 
that of the dashed curve in Fig. 3*29. In contrast, the solid curve in 

Fig. 3-29 is typical of a narrow- 
band mount. It is possible with 
a mount of this type to meet the 
specification of a maximum VSWR 
of 1.3 over the 780- to 900-Mc/sec 
band. However, it is necessary to 
use the mount as a fixed-tuned 
mount by making the stub length 
adjustable over a small range on 
each side of the nominal X/4 length. 
This adjustment compensates 
effectively for thermistor imped- 
ance variations. 

A number of variations on the stub — series-transformer matching 
technique have been developed. In some instances the thermistor is 
not placed at the short-circuited end of the transmission line as is done 
in the above-discussed coaxial mounts, but is located as much as X/2 
from the short circuit. The frequency-sensitive impedance of the line 
between the thermistor and the short circuit can be used as an addi- 
tional variable in effecting a broadband impedance match. Also, in 
the design as a fixed-tuned mount, the position of the short circuit with 



narrow- and broadband thermistor mounts. 
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respect to the thermistor is often varied (as an end-plunger adjustment) 
to compensate for impedance variations in thermistors. The Bell 
Telephone Laboratories have made effective use of the frequency- 
sensitive impedance of such a line length in the design of several coaxial 
thermistor mounts. Table 3*7 lists the current series of BTL coaxial 
mounts, any one of which meets the specification of a maximum VSWR 
of 1.4 over the stated frequency band. 

Table 3-7. — Summary of Coaxial Thermistor Mounts Developed by the Bell 

Telephone Laboratories 

Frequency range, Me /sec Thermistor operating resistance, ohms 
4000 to 5000 125 

3400 to 4000 100 

2400 to 3400 100 

700 to 1500 100 

50 to 500 Characteristic impedance of coaxial line. 

3-17. A 3 -cm Thermistor Motmt. — A British laboratory, TRE, has 
devised a fixed-tuned coaxial thermistor mount for use in the 3-cm 
band. A 50-ohm coaxial line is joined to rectangular waveguide by a 
crossbar or doorknob type of adapter. The coaxial line is extended X/2 
from the adapter (to avoid high-order mode coupling) before the inner 
and outer conductors are reduced in diameter by conical tapers. The 
taper length is approximately one wavelength, and reduces the ID of 
the outer conductor from i to ^ inch. The inner-conductor taper 
terminates in small fingers. The thermistor capsule is installed in 
series with the inner conductor and is adjustable in position with respect 
to the short circuit at the end of the coaxial line. This adjustment 
serves as the sole tuning variable in the mount. It has been possible 
with this design to meet the matching specification of a maximum VSWR 
of 1.3 over the 3.13- to 3.53-cm band, including the effect of the imperfect 
waveguide-to-coaxial-line adapter. The thermistor is operated at 250 
ohms. 

3*18. Waveguide Thermistor Mounts. — In waveguide mounts the 
thermistor is installed across the waveguide with the lead wires parallel 
to the narrow sides of the waveguide. It is usually placed in the middle 
of the waveguide where the electric field is a maximum. The lead wires 
are customarily brought out through coaxial stubs — the construction 
suggesting an adapter from waveguide to coaxial line which is heavily 
loaded by the resistance of the thermistor bead. One lead wire is 
grounded to the waveguide, and the other is insulated from the waveguide 
for direct and audio-frequency currents. The waveguide is terminated 
in a short circuit placed at an appropriate distance from the thermistor. 

Figure 3*30 shows schematic section drawings of two fixed-tuned 
designs of waveguide thermistor mounts for 3-cm-band use. The 
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(a) Narrow band 


(6) Broad band 

Fig. 3*30. — Section drawings of two 
rectangular waveguide thermistor mounts 
(narrow side views). 


narrow-band mount, developed by the Radiation Laboratory, uses an 
adjustable stub and an adjustable end-plunger for the waveguide short 
circuit. The stub length is approximately X/2 for optimum match 
with a thermistor of average impedance characteristics. The two stub 
lengths, zero and X/2, present short-circuit impedances to the thermistor. 
Consequently, the mount may be identified as a short-short^^ or, 
simply, an mount. In contrast, the second mount shown in 

Fig, 3-30 uses two X/4 stubs which reflect open-circuit impedances to 

the ends of the thermistor capsule. 
This mount may be identified as 
an mount. The 0-0 

mount uses one adjustable stub 
and an adjustable waveguide 
shorting plunger. The Bell Tele- 
phone Laboratories were the first 
to use the 0-0 design, and other 
microw^ave research groups quickly 
followed their lead because of 
the increased bandwidth potentialities of the 0-0 design. 

In the design of either the 0-0 or S~S mount, the objective is to 
make the change with frequency in the reactance of the stub lines 
counteract the change in the short-circuited length of the waveguide 
behind the thermistor. This is not exactly true because the thermistor 
bead has a frequency-sensitive impedance, and the prime objective, of 
course, is to maintain a matched mount impedance over a broad fre- 
quency band. It is fairly obvious, however, that the short-circuited 
lengths of coaxial stub lines and waveguide would seriously limit the 
bandwidth of the mount, were such a cancellation of reactances not 
possible. The rate of change of reactance with frequency of the short- 
circuited length of waveguide is dependent on the length of waveguide 
section involved. This length is set at the value required for midband 
match, and the associated rate of reactance change must be accepted, 
be it large or small. On the other hand, the rate of change of reactance 
with frequency in the stub line can be varied by selection of the charac- 
teristic impedance. Consequently, a means of matching the two rates 
in order to effect the desired cancellation of reactance changes exists. 

In discussing waveguide thermistor mounts it is convenient to 
differentiate between the two quantities, mount admittance (or imped- 
ance) and thermistor admittance. The mount admittance is the quantity 
determined by a slotted-line measurement, and, unless otherwise specified, 
is referred to the plane of the thermistor bead. The thermistor admit- 
tance represents the contribution to mount admittance which is caused 
by the thermistor and the coaxial-line stub supports. Thermistor 
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admittance is calculated from mount admittance by subtracting from 
the latter the susceptance caused by the short-circuited length of wave- 
guide behind the thermistor. The names of these admittance quantities 
have been loosely chosen, but their definitions are specific. 

The effect of the several mount variables on thermistor and mount 
admittance can best be presented by reference to a series of admittance- 



Fig. 3-31. — Admittance characteristics of a thermistor in the S~S mount. 


circle diagrams.^ Figure 3-31 shows both the thermistor and mount 
admittances as a function of X and the operating resistance of the ther- 
mistor of a typical D-1 66382 thermistor in the S-S mount. The wave- 
guide end-plunger has been adjusted so that the VSWR of the mount 
is under 1.35 over the 3.15- to 3.25-cm band, with the thermistor at a 
250-ohm operating resistance. Several interesting observations may 
be made from Fig. 3*31. At any one wavelength it would be possible 

^Figures 3-31 through 3*35 are taken from the final report: J. A. Becker, “The 
Investigation of the Effect of Manufacturing and Test Equipment Variables on the 
X- and K-Band Characteristics of Bell System Thermistors,’" NDRC No. 14-462, 
Bell Telephone Laboratories, July 30, 1945. 
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to obtain a perfect match by using the operating resistance of the ther- 
mistor and the end-plate adjustment as the two tuning variables. For 
example, at 3.20 cm a bead resistance of approximately 200 ohms would 
accomplish this. The marked frequency dependence of the mount 
admittance, particularly at relatively low thermistor resistances, is 
readily apparent; the mount is obviously not a broadband mount. 



Fiq. 3*32. — Effect of coaxial-stub length on the admittance characteristics of the SS 
mount. Numbers adjacent to characteristics give stub lengths in centimeters. 

The frequency sensitivity of the mount admittance is largely caused by 
the frequency dependence of the end-plate susceptance, since the points 
representing the 250-ohm thermistor admittance are much more closely 
grouped than the points representing the mount admittance. 

Figure 3*32 shows the effect of stub tuning on the admittance charac- 
teristics of the S-S mount. The conductance component of mount 
admittance is particularly affected by the length of the stub line. Since 
most bridge circuits demand that the thermistor be operated at a specified 
resistance, the stub length and end-plate adjustment are the most 
commonly used tuning elements in the mount. 
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The end-plate adjustment should affect only the susceptance compo- 
nent of the mount admittance, unless the end plate is brought close 
enough to the thermistor to permit high-order mode coupling. However, 
it is possible for a sliding end-plunger which uses a tuned choke instead 
of contact fingers to effect a conductance as well as a susceptance change. 
Figure 3*33 illustrates this point. 



Fiq. 3-33. — Effect of cliokc dosip;n end plate on the admittance characteristics of the 
S-S mount. Numbers adjacent to characteristics give the distance from the thermistor 
to the reflector in centimeters. 

The effects of the coaxial-stub adjustment, end-plate adjustment and 
thermistor operating resistance on mount admittance are not vastly 
different in the case of the broader-band 0-0 mount. The additional 
bandwidth of the 0-0 mount is derived from the fact that the thermistor 
admittance shows mainly a conductance change (with X) in the case 
of the S-S mountj and primarily a susceptance change in the case of the 
0-0 mount. The susceptance change can be corrected over a broad 
frequency band by an end-plate susceptance of comparable magnitude 
and opposite sign. The conductance variation cannot be similarly 
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corrected, however. Figure 3-34 shows the plots of the mount admittance 
against frequency of several thermistors in an 0-0 mount. The curves 
tend to curl around the match point, F = 1 + jO. 

It is possible with the 0-0 mount to meet the specification of a 
maximum VSWR of 1.4 or less over the 3.13- to 3.53-cm band. The S-S 
mount will meet the specification of a maximum VSWR of 1 .35 or less 



Fio. 3-34. — Mount admittance vs. frequency of several thermistors in an 0-0 mount. 

over the narrower 3.15- to 3.25-cm band. These specifications are 
written so that most thermistors will meet them; a smaller percentage 
of thermistors will provide considerably better impedance matches than 
these VSWR values indicate. 

When making the tuning adjustments to impedance-match a fixed- 
tuned mount, it is necessary to have some sort of impedance or VSWR 
indicator to indicate the progress of the adjustments. If a slotted line 
is used for this purpose, it is almost impossible to use more than two tun- 
ing variables. That is, the adjustment time may average 10 or more 
minutes when using a slotted line with a two-tuning-variable mount, and 
the inclusion of a third tuning variable would so greatly extend this time 
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that it is impractical to consider it. However, the development of the 
microwave impedance bridge (Chap. 9) has made possible the use of a 
third tuning variable — the vertical position of the thermistor bead 
(that is, bead height) within the waveguide. With this third tuning 
variable it is possible to reduce greatly the maximum VSWR specifica- 
tion for a given wavelength band. Moreover, all necessary tuning 



Fig. 3*36. — Effect of bead height on the mount admittance of the S-S mount. The 
numbers adjacent to the curves give the distances in millimeters from the end of the 
thermistor glass capsule to the bottom of the waveguide. 

adjustments can be made, using the impedance bridge, in five minutes 
or less. Figure 3*35 shows the effect of bead height on the mount 
admittance of a D-166832 thermistor in an S-S mount. The effect in 
the 0-0 mount is approximately the same. 

Figure 3*36 shows a detailed cross section (narrow-side view) of an 
0-0 type of mount which has all three tuning variables. It has become 
known as the ^Hri-tuner’^ mount. The thermistor leads extend into 
X/4 cup chokes to reduce microwave leakage into the stub lines. Bead 
height is adjusted by operation of the screw in the lower stub line. The 
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upper stub line is tuned by sliding the inner member along the thermistor 
lead wire and the bearing surface provided by the outer tube. The 



slidable end plate uses beryllium- 
copper contact fingers which are 
made X/2 in length to guarantee 
a good short circuit at the tips of 
the contact fingers. Additional 
leakage protection is derived from 
the use of a polyiron sleeve (high 
d-c resistance, but high attenua- 
tion for microwaves) in the lower 
stub line, and a waveguide-bey ond- 
cutoff extension of the outer tube 
of the upper stub line. 

It is possible with many ther- 
mistors using the tri-tuner mount 
to meet the specification of a maxi- 
mum VSWRof T1 over the 3. 13- to 
3.63-cm band. In the worst case 
the maximum VSWR does not 
exceed 1.2 over this band. More- 
over, these results may be obtained 


Fig. 3-36. — Drawing of the tri-tuner .3-cm- 
band thermistor mount. 


with operation of the thermistor 
anywhere within the resistance 


range of 100 to 300 ohms. Experience with the mount has shown that the 


thermistor should be lowered in 
the direction of the bottom stub 
line as the operating resistance of 
the bead is lowered. In the 0-0 
mount using only two tuning vari • 
ables, the bead height is stand- 
ardized at a position which is 
optimum for the average thermi- 
stor. It is also possible, of course, 
to standardize on the upper stub 
length and to use bead height and 
end-plate adjustment as a set of 
two tuning variables. 

Figure 3*37 shows a photo- 



graph of an 0-0 thermistor mount. 
Disk thermistors, if desired, can 


Fig. 3-37. — Photograph of an 0-0 3-cm-band 
thermistor mount. 


be installed on the sides of the mount. The same technique for disk- 
thermistor mounting is used in the tri-tuner mount. 
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3*19. Impedance Variations of Thermistor Mounts. — Considerable 
research work has been done by the Bell Telephone Laboratories in 
investigating the sources of impedance variations in thermistors installed 
in S-S and 0-0 mounts.^ The results of this work have made it possible 
for the Western Electric Company to improve their control on manu- 
facturing variables, but troublesome impedance variations still exist. 



Fig. 3-38. — Effort of thermistor tie-wiro length on mount admittance of an S-S mount 

for a wavelength of 3.20 cm. 

Since most of the work in mount design has resulted from the necessity 
of studying match conditions for a large assortment of thermistors 
covering the range of anticif)ated impedance variation, it is worth while 
to review the more important conclusions presented in the BTL report. 
Further, the information should be valuable in selecting a proper 
thermistor mount for a new wavelength band. 

One of the most important variables is the length of the 0.001-in. - 
diameter tie wires. These wires have an appreciable inductance at 
microwave frequencies. Further, the capacitance between the ends 
^Becker, loc. cit. 
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(within the glass capsule) of the 0.030-in. lead wires must vary as the 
tie-wire length is altered. It is not easy to separate the two effects, 
but there appears to be little need for doing so since they are coexistent 
in manufacture. Figure 3.38 shows the effect of changing the tie- wire 
length on the mount admittance of an S-S mount. The effect of adding 
the glass capsule (‘‘completed units’^) may also be seen. Small varia- 



Fio. 3*39. — Effect on mount admittance of silver-paste aprons on the ends of the thermistor 

capsule. 

tions in the mass of the glass capsule appear to affect the susceptance 
but not the conductance component of mount admittance. An increase 
in the mass of glass moves the susceptance toward a more positive point 
on the admittance diagram. This would be expected because of the 
additional capacitance due to the increased mass of dielectric. 

Although no practical application has yet been made of the observa- 
tion, it was found that thick silver-paste aprons on the ends of the 
glass capsule have an appreciable effect on the susceptance component 
of mount admittance. The apron capacitance accomplishes approxi- 
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mately the same result as increasing the mass of capsule glass. Figure 
3*39 shows the effect of adding such aprons to the glass capsule. 

There appears to be little direct connection between the d-c charac- 
teristics of the thermistor and its microwave impedance properties. 
Varying the percentage of copper oxide in the bead mixture has little 
effect on the final mount admittance, although this variation markedly 
affects the cold resistance (resistance at negligible current) of the bead. 
The size of the bead, however, has an important effect on the con- 
ductance component of the mount, with little or no effect on the sus- 
ceptance component. The amount of glass loading on the bead and the 
sintering time and sintering temperature appear to be relatively unim- 
portant variables. 

Several attempts have been made to determine an equivalent circuit 
for the thermistor installed in a waveguide mount, but these have met 
with only partial success. For example, the 
simple circuit consisting of the thermistor 
admittance in series with the susceptance of 
the coaxial stub line, with the combination in 
parallel with the end- plate susceptance, can be 
used to predict the effect of end-plate and stub- 
line tuning on mount admittance. The 
thermistor itself is believed to have an equiva- 
lent circuit for microwaves similar to that 
shown in Fig. 3*40. The inductances L\ and L 2 represent the inductances 
of the fine tie wires. The current flow through the bead follows two paths : 
the resistive path Ri and the series RC-path in parallel with it. The RC- 
path is believed to represent the effect of the finite particle size of the 
sintered oxides within the bead. The current must in some cases bridge 
capacitive gaps caused by imperfect contact between adjacent particles of 
the mixture. The capacitance Ci represents the combined effects of 
lead-wire capacitance and the dielectric of the glass capsule. 

Many of the more familiar broadbanding techniques are not practical 
for application to thermistor-mount design. For example, adapters' 
from waveguide to coaxial line can frequently be broadbanded by the 
proper placement of an iris or coaxial stub line of suitable susceptance. 
However, the variations in thermistor impedance are sufficiently great 
that such an iris can increase the mount mismatch for some thermistors 
while improving the match for others. This is particularly true if the 
iris or stub must be placed an appreciable distance ahead of the plane 
of the thermistor bead. An iris that could be readily adjusted in its 
position along the transmission line would undoubtedly be an effective 

^ F. L. Niemann, “S-Band Coaxial Line to Rectangular Waveguide Transitions,” 
RL Report 802, Dec. 7, 1945. 



Fig. 3*40. — Proposed 
equivalent circuit for the 
thermistor. 



MICROWAVE POWER MEASUREMENTS 


150 


[Sec. 3-20 


tuning variable, but the mechanical and electrical problems of such a 
design have been too great to justify its careful investigation. 

3*20. The Fishtail Mount. — A 3-cm-band rectangular waveguide 
mount, known as the “fishtail” thermistor mount, uses less conven- 
tional techniques for broadbanding. The section of waveguide between 
the thermistor and soldered end-plate is flared in the direction of the wide 
dimension of the waveguide. The flare increases the wide dimension 
to approximately twice its normal value, and extends over a length of 
1.67 guide uidths. The curvature follows the arc of a circle which is 
tangent to the waveguide at the plane of the thermistor where the flare 

r 



r’lG. 3-41, — Photograph of the 3-rm-band fishtail thermistor mount. 

is begun. The waveguide wavelength changes along the lengtii of the 
flared region, and consequently the susceptance-frequency slope of the 
short-circuited length of waveguide is modified by the flare. The 
flared fishtail has been empirically shaped so that the susceptance of 
the short circuit approximately cancels the susceptive component 
of the thermistor admittance over a broad frequency band. Additional 
benefit is derived from placing the thermistor off-center, nearer one of the 
narrow sides of the waveguide than the other. This causes high-order 
modes to be set up, for which the flared termination acts as a resonant 
cavity. The susceptance-frequency characteristics of the back cavity 
are modified and an improvement of the susceptance cancellation results. 
The tuning variables in the mount are coaxial-stub length and bead 
height. It is possible with most thermistors to meet a specification of a 
maximum VSWR of 1.2 or less over the 3.13- to 3.53-cm band in this 
mount. Little use has been made of the fishtail mount because of an 
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unexplained resonance at approximately 3.10 cm, at which wavelength 
the VSWR often rises to very high values. Occasionally the resonance 
shifts into the 3.13- to 3.53-cm operating band for reasons not completely 
understood. Figure 3*41 shows a photograph of the fishtail mount. 

3*21. Thermistor Mounts for the 1-cm Band. — Thermistor mounts 
for the 1-cm band are similar to 3-cm-band mounts, but their small 
physical dimensions preclude the use of a capsuled thermistor bead. 
Instead, the 0.001-in. tie wires are soldered or spot-welded to terminals 
that are an integral part of the mount. The mounts are mechanically 
designed so that they can be disassembled to facilitate the bead 
installation. 

Figure 3*42 shows a cross section, looking into the waveguide end of a 
1-cm-band thermistor mount. The bead is spot-welded halfway between 
the ends of the center conductors of the 
two coaxial stub lines. The stub lines 
are too small for sliding-plunger tuning. 

Conse(iuently, a metal screw, projecting 
into the side of the lower stub line is 
used instead. Similarly, a screw is used 
to vary the susceptance of the short- 
circuited section of waveguide behind 
the thermistor. The latter screw pro- 
jects through the center line of the 
broad dimension of the waveguide. A 
thin polystyrene sleeve and thin mica 
disk provide the necessary d-c insula- 
tion for the upper thermistor tie wire. 

The gap in which the thermistor bead is installed is small — 0.050 in. 
The tie wires are not pulled taut prior to spot-welding, Init are given a 
reasonable amount of slack. Each tie wire is approximately 0.030 in. 
long with the result that, with a O.OlO-in. bead length, the total arc length 
is 0.070 in. The slack is necessary for two reasons, (1) to avoid snapping 
a tie wire when the mount is subjected to shock or vibration, and (2) 
to avoid excessive thermal conduction losses to the center-conductor 
supports. Figure 3*7 shows that the wires are shorter than is desirable 
from this latter point of view. In fact, two-disk bridge circuits using 
1-cm-band mounts must take into account the somewhat smaller values 
of C of beads that are mounted in this way. The tie-wire inductance 
introduces greater reactance at the 1-cm band than at the 3-cm band, and 
the additional reactance associated with longer tie wires would seriously 
limit the broadband match of a mount of this type. 

The desirable lengths and characteristic impedance of the stub lines 
have been experimentally determined. Optimum broadband impedance 


^Thermistor 



Fio. 3-42. — Drawing of a 1-cm-band 
waveguide thermistor mount. 
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matching is obtained with operation of the thermistor at a relatively low 
resistance, 100 to 150 ohms. At a standard operating resistance of 130 
ohms many beads can be matched to a VSWR of 1.5 or less over a 2 per 
cent wavelength band centered at 1.25 cm. 

The mount design has never been wholly satisfactory despite numer- 
ous attempts to improve it. The tiny No. 0-80 tuning screws must have 
an exceptionally snug fit in the threaded mount holes, must be free of 
dirt deposits, and must operate with negligible eccentricity. The 
various brass members of the mount must have accurately milled and 
cleaned machine fits. The microwave leakage was bad until it was found 
that an air-drying silver paste^ is quite effective in electrically sealing 

the mount. Leakage was particu- 
larly bad in the vicinity of the end 
plate which is held by screws to 
the main body of the mount. 

An improved mechanical 
design of the 1-cm-band mount 
has been produced by the Aircraft 
Radio Corporation, Boonton, N. J. 
A section drawing is shown in Fig. 
343. The shape of the stub has 
been changed and other altera- 
tions have been made to effect an 
improvement in impedance match- 
ing. With this design it is possi- 
ble to meet a specification of a 
maximum VSWR of 1.4 or less over the 1.25 cm ±2 per cent band. 

The Bell Telephone Laboratories have designed a l-cm-band ther- 
mistor mount that features a removable tunable coaxial stub line that 
houses the bead thermistor. The center conductor of the stub line 
extends as an antenna probe deep within the waveguide to Avithin 0.020 
in. of the bottom waveguide wall. The narrow gap between the end 
of the probe and the waveguide wall, together with an off-center posi- 
tioning of the probe, leads to a broadband transition from waveguide to 
coaxial line. This, in fact, is the reason for the exceptionally good 
performance of the BTL mount. The thermistor-bead tie wires are 
soldered to the probe and to the cartridge case. The average thermistor 
bead in the BTL mount has a maximum VSWR of 1.4 over a ±4 per 
cent band. 

The problem of investigating thermistor impedance variations in 
the design of a 1-cm-band mount is extremely difficult. It is impossible 



Fig. 3-43. — Drawing of a 1-om-band 
thermistor mount. (Improvement on design 
shown in Fig. 3*42.) 


* Du Pont de Nemours Co., Wilmington, Del. 
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to remove an installed thermistor bead, and mount it again in exactly 
the same manner in the original or another mount. Likewise, it is diffi- 
cult to determine allowable tolerances on the dimensions of various parts 
of the mount. Bead-impedance variations are, of course, more pro- 
nounced at 1 cm than at longer wavelengths. Collectively, these 
considerations explain why the design of the 1-cm-band mount has 
been a tedious and somewhat disconcerting task, and why the band- 
widths that have been obtained are considerably less than those realized 
at 10-cm- and 3-cm-bands. 

Thermistor beads that do not have the protection of a surrounding 
glass capsule are very sensitive to the cooling effect of air convection 
currents within the waveguide mount. This greatly aggravates the 
drift problem in the bridge circuit. It is advisable (even essential, at 
high bridge sensitivity) to seal the input end of the waveguide to the 
mount with a mica window or dielectric plug. The mica window, 0.001 
in. thick to avoid reflections, may be installed at the choke-flange coupler 
at the input end of the mount. The dielectric plug may be fitted into 
the end of the mount and fills a short section of the waveguide ahead 
of the thermistor. Steps are cut into the ends of the plug to make it 
reflectionless. The dielectric material used has a negligible loss factor 
near 1.25 cm. Its temperature coefficient of expansion matches that of 
the waveguide walls, and a pressure fit is sufficient to hold it securely 
in position. 

One problem hiis arisen in connection with 1-cm-band mounts. A 
comparison of the 1-cm-band thermistor mount A\ith a water load 
assumed to be an absolute standard indicates that the 1-cm-band mount 
is lossy. That is, not all of the microwave power is dissipated in the 
bead, but some of it is lost in poor contacts and dissipative metal surfaces 
wthin the mount. Consecpiently, the 1-cm-band thermistor mount 
cannot be considered as an acceptable absolute standard for power 
measurement. The magnitude of the loss varies from mount to mount, 
and depends largely on the excellence of the mechanical fits and on the 
surface cleanliness of the particular mount. The first indication of this 
loss resulted from calculations on the range of meter-shunt resistances 
needed to standardize the sensitivity of a twodisk bridge circuit using 
1-cm-band beads of known values of J, B, and C. The calculated shunt 
resistances were much smaller than those found necessary when the 
bridge sensitivity was standardized against a water load. After eliminat- 
ing other potential causes of the discrepancy, it was concluded that the 
mount must be lossy. 

Barretters and thermistors installed in a mount of the same type 
(Fig. 3*42) were found to agree within the errors of power measurement, 
provided that the thermistor tie wires were held to within a total length 



164 MICROWAVE POWER MEASUREMENTS [Sec. 3-21 

of 0.05 to 0.06 in. For tie- wire lengths as long as 0.10 in. the thermistor 
measured approximately 15 per cent less power than the barretter, 
indicating that there is some microwave power dissipation in the bead 
tie wires at 1-cm band. The thermistor bead with 0.05-in. tie wires 
was operated over a resistance range of 81 to 181 ohms; the power 
measured was unaffected by the operating resistance of the bead, pro- 
vided the mount was tuned for match at each resistance level. These 
experiments prove nothing, however, regarding the suitability of either 
the thermistor (^vith short tie wires) or barretter as an absolute standard 
for power measurement. 

A 1-cm-band thermistor mount of the type sho^vn in Fig. 3*42 has 
been compared against a water load. The thermistor was operated in a 
d-c balanced bridge, all components of which had been checked against a 
precision potentiometer. The thermistor mount was sealed with silver 
paste, and the absence of microwave leakage was verified by moving 
absorbing and reflecting objects in the vicinity of the mount, with no 
consequent variations in the bridge-galvanometer reading. Trouble- 
some video-frequency leakage from the magnetron modulator pulse was 
circumvented by installing a shielded bypass condenser in the d-c input 
cable to the bridge circuit. The water load used was one of the slot- 
coupled type (Sec. 3*34) which has no objectionable microwave leak- 
age. A closed-flow system (Sec. 3*35) was used with the water load. 

A calibrated directional coupler was used to reduce the high-level mag- 
netron power to the few milliwatts conveniently measured by the ther- 
mistor bridge. The final comparison between water load and thermistor 
involved a series of 10 runs. The power level measured by the thermistor 
was consistently lower than that measured by the water load ; the values 
of the discrepancy varied from 15.8 per cent to 18.4 per cent, and averaged 
17.2 per cent. An evaluation of all possible sources of error in both the 
thermistor and water-load measurements indicated that the apparent 
deviations could have corresponded to true deviations ranging from 12.9 
per cent to 24.7 per cent. It is believed that lead-wire losses, tuning- 
screw losses, and losses in poor contacts within the mount are largely 
responsible for this. 

The Bell Telephone Laboratories have also studied this problem, 
and report the following data on their 1-cm thermistor mount. A large 
number of mounts were compared with one another, with the following 
results: for 100 per cent of the mounts the maximum disagreement 
between any two was 0.3 db; for 90 per cent of the mounts the maximum 
disagreement between any two was 0.15 db. The maximum disagree- 
ment between a thermistor mount and a water load was 0.3 db. Thus, 
assuming the water load to be an absolute standard, the loss in the 
mounts varies from 0.15 to 0.3 db. It is the opinion of BTL that the 
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finger contacts in the coaxial tuning cavity were largely responsible for 
this. 

3*22. Thermistor Power Monitors. — Special thermistor installations 
are sometimes used when the power delivered to a transmission-line 
load is to be monitored. For example, Fig. 3-44 shows a commonly used 
thermistor mount designed to monitor the output power from a 10-cm- 
band oscillator cavity. One lead wire of the capsuled bead is bent to 
form a pickup loop which projects, with proper orientation, into the 
cavity. The microwave short circuit is similar in construction to that 
used in 10-cm-band coaxial thermistor mounts. A polyiron sleeve is 
placed behind the short circuit to prevent any microwave leakage from 
traveling along the thermistor leads to the bridge circuit. The pickup 
loop should be as close to the thermistor bead as is physically possible. 



Fia. 3*44. — Thermistor mount for cavity power monitoring. 


Since the loop seldom couples so tightly to the cavity that it presents a 
matched generator to the tliermistor termination, it is important to 
minimize the coaxial-line length between bead and loop if the monitor is 
to be relatively frequency-insensitive. 

An alternative power-monitor design which is mechanically more 
complicated but electrically more broadband is shown in Fig. 3*45. The 
tie mres of an uncapsuled bead thermistor are spot-welded to stud pins 
which are mounted in two parallel support wires. The pickup loop is 
formed by sandwiching thin polystyrene tape between bands of phosphor- 
bronze ribbon, and cementing with polystyrene cement. The microwave 
bypass condenser, also formed with polystyrene tape and phosphor 
bronze ribbon, bands the vertical support wires together at the position 
of the thermistor. The whole assembly is installed in a threaded, poly- 
iron-backed tube that screws into the oscillator cavity. The split-loop 
and bypass-condenser constniction are so designed to avoid short-circuit- 
ing the bead to the d-c bridge supply. This mount design places the 
bead at the very base of the coupling loop, and in this respect is superior 
to the design shown in Fig. 3*44. It has the disadvantage that the 
uncapsulcd bead is exposed to air convection currents within the cavity. 
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If a thermistor is installed parallel to and midway between the wide 
sides of a rectangular waveguide, it couples very loosely to the fields 
within the waveguide. Such a construction has been used for monitoring 
high-level power carried by a waveguide. Usually two thermistors are 
used, spaced X<,/4 apart, so that their reflections cancel. The two may 
be used in series to form one arm of a bridge circuit, or the second ther- 
mistor may be entirely disconnected from any power supply. The 
advent of the directional coupler provided a preferable means of power 
monitoring, however, and interest in this thermistor mount was 
discontinued. 



Note • loop segments are cemented Note • phosphor bronze ribbon bent around 

together with poly cement poly tape and support wire 

Fio. 3*45. — Uncapsuled-thermistor-bead mount for cavity power monitoring. 

3-23. Barretters. — Barretters were used for microwave power measure- 
ment prior to the application of the thermistor to this purpose. In the 
early days of microwave developments the only commercially available 
barretters were the 5- and 10-ma Littelfuses and Buss fuses that had 
been designed primarily for the protection of sensitive milliammeters and 
other pieces of laboratory equipment. These were used with some 
success in microwave power measurement, but it was quickly realized 
that their construction was inherently bad from the viewpoint of micro- 
wave impedance-matching. The tiny platinum resistance wire is placed 
at right angles to the axis of the fuse capsule, and this produces a high 
reactance component of the fuse impedance. The VSWR of such a 
barretter in either a waveguide or coaxial-line mount is so high that 
impedance matching with tuners is a critical, painstaking manipulation. 
Moreover, the tuned match is extremely frequency-sensitive. 

Recognizing the potentialities of properly constructed barretters, 
techniques for producing them in limited quantities were developed in 
the Radiation Laboratory. This development was also undertaken by 
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the Sperry Gyroscope Company, and by 1945 they were in a position 
to produce microwave barretters in sizable quantities. The Sperry 
No. 821 barretter has been used with a variety of mounts at wave- 
lengths as short as those of 3-cm band. The 821 barretter is too large 
for use with wavelengths of 1-cm band and shorter. 

The barretter construction technique to be described combines 
features of both the Sperry and 
Radiation Laboratory procedures. 

Although it is not suitable for 
quantity production, the tech- 
nique is useful to an experimenter 
who finds it necessary to construct 
the barretters for his research 
work. 

Platinum is the metal com- 
monly used in forming barretter 
resistance wires. It is desirable 
to use a noble metal to avoid oxi- 
dation and other chemical action 
that would change the sensitivity 
of the wire. Of the noble metals, 
platinum has the most desirable 
set of physical properties such as 
resistivity, melting point, tempera- 
ture coefficient of resistance, and 
tensile strength. The diameter of 
the wire commonly used for micro- 
wave barretter construction varies 
from 35 to 75 X 10”® in. Such a 
fine Avire can be seen with the 
naked eye only under intense 
illumination and is too fragile to 
handle when working with a mag- 
nifying lens. Consequently, it is 
customary to use Wollaston^ wire, 3 - 46 .— staking tool used m barretter 

the fine platinum core of which is 

centered in a silver wire of approximately 0.001-in. diameter. The 
Wollaston wire can be mounted with relative ease, and an aqueous nitric 
acid solution is used to etch the silver from the platinum core. When a 
core diameter consistent with the desired detector sensitivity has been 
chosen, the resistance of the barretter can be adjusted by var 3 dng the 
etched length of Wollaston wire. 

^ Obtainable from Baker, Sigmund Cohn, and other platinum manufacturers. 
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The Wollaston wire may be spot-welded or soldered to the support 
leads of larger diameter. Two soldering techniques have been used: 
(1) tiny holes may be drilled into the ends of the support wires with a 
jeweler^s drill, and the ends of the Wollaston wire seated into these holes 
for soldering, or (2) the end of the lead wire may be notched with a 
jeweler's staking tool (see Fig. 3*46), and the end of the Wollaston wire 
laid in the notch for soldering. A heated Nichrome wire is convenient 
for the soldering operation. A double-vise block is used to hold the 
lead wires in a straight, horizontal line with the short length of Wollaston 
wire between them. The two ends of the block are insulated from one 
another and a small d-c current can be passed through the wire during 
the etching period. Thus a constant check can be kept on the wire 
resistance, and the etching stopped at the right time. 

The nitric acid solution used for etching is a mixture of equal parts 
by weight of cp nitric acid and distilled water. A small amount of 
whetting agent (for example. Aerosol) is added to the solution. This 
reduces the possibility of breaking the fine wire by surface-tension forces 
when it is removed from the acid solution. The amount of wetting 
agent to be used is best left to experiment, since the optimum amount 
seems to vary with the particular bottle of acid used. Excessive amounts 
of wetting agent cause the drop of acid to flood over the support vane 
used to bring it in contact with the wire. The etching time required 
is approximately five minutes. 

A micromanipulator is an extremely valuable tool for use in the 
etching operation. Figure 3*47 shows one design of micromanipulator 
that has been very useful in this operation. Counter weigh ted arms, 
pivoting in ball and socket joints, are used to maneuver the etching 
arm into position beneath the wire. After these coarse adjustments 
have been made, micrometer-screw drives offering three degrees of 
translational freedom are used to contact the drop of acid solution with 
the wire. The etching arm consists of a dissecting needle with the tip 
stuck into a wedge-shaped piece of Plexiglas. The drop of acid solution 
is placed on the wedge and maneuvered into contact with the wire. 
The drop is smaller than the length of wire to be etched, so that it can 
be moved along the wire to etch the required length. If close resistance 
control is required, it is advisable to replace the arm-supported Plexiglas 
vane by an acid-filled capillary tube and to touch the fine capillary tip 
to the wire. It is convenient to have a low-power (20 X) binocular 
microscope to view the work. 

As the etching proceeds, gas bubbles are evolved which are clearly 
visible with the aid of a microscope. After the etching is completed, it 
is necessary to wash the wire before it dries; otherwise, silver nitrate 
crystals may form and break it. The Plexiglas wedge is flooded with 
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warm distilled water containing a wetting agent and carefully with- 
drawn from the wire. In order to remove the Plexiglas wedge without 
breaking the wire it is necessary for the Wollaston wire not to have been 
soldered to its supports under tension. 



Fio. 3-47. — Sketch of micromanipulator used for etching Wollaston wire in barretter 

construction. 

It is undesirable in most cases to stop the etching before the plati- 
num core has been completely cleaned of silver. Specks of unetched 
silver will alloy with the platinum at high temperatures and change the 
characteristics of the wire. Thus overload power that is insufficient 
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to fuse the wire can still cause trouble by changing, for example, the 
calibration of a direct-reading barretter bridge. 

In Fig. 3-47 one of the barretter lead wires supports a glass or poly- 
styrene tube which can be slid over the short length of etched wire and 
cemented to the leads. The final construction outwardly resembles 
that of a capsuled thermistor bead with lead wires projecting from each 
end of the capsule. Attempts to heat-seal the glass tube to the lead 
wires have failed because conduction heating fuses too great a percentage 
of the wires. The Sperry type 821 barretter uses a copolymerstyrene 
capsule with a window that is cemented in place after the etching is 
completed. Figure 3*48 shows this construction. 



Fio. 3-48. — Drawing of the Sperry type 821 barretter capsule. 


Unfortunately, the core diameter of the Wollaston wire often varies 
appreciably over a length of a few inches. Some lengths of wire have 
weak spots where the diameter is extremely small. Other pieces of wire, 
for reasons unknowm, will not etch satisfactorily. Fortunately, the 
manufacturers of the wire have been sympathetic with the problems of 
the consumer and have not hesitated to exchange good wire for bad. 
The Sigmund Cohn Company, N.Y.C., has provided the following 
equation which relates the fusing current of a platinum wire to the 
diameter. A check on fusing current, using an etched length of several 
millimeters, offers a convenient check on diameter variations. 



where D is the wire diameter in inches, C is the current in amperes 
required to fuse, A is a constant equal to 6170 amp. 

The barretter of the design that has the capsule cemented to its lead 
wires is only as strong as the cement. It must be handled carefully. 
The Sperry barretter. Fig. 3-48, is mechanically rugged, however. It 
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successfully withstands vigorous shock and vibration tests, and is satis- 
factorily waterproof. The fine platinum cores can be easily broken 
during the etching and washing process, but are surprisingly rugged 
after being capsuled. This ruggedness is achieved only if the Wollaston 
wire is installed with a slight sag; it does not resist tension greater than 
that caused by its own weight. 

All 1-cm-band barretters have been made with uncapsuled Wollaston 
wires that are soldered or spot-welded to terminal posts within the wave- 
guide mounts. The wires are etched after installation in the mounts. 
A reflectionless dielectric plug is fitted into the end of the mount to 
protect the wire mechanically, and also to protect it from cooling caused 
by air convection currents. Similarly, an uncapsuled Wollaston wire 
may be substituted for the thermistor bead in the coupling-loop design 
shown in Fig. 3*45. 

Taylor-process wire, a fine platinum core in a quartz or glass sheath, 
holds some promise for barretter construction. Little is known about 
its usefulness for this application because it was not commercially 
available during the war. 

3-24. The Theory of Operation of a Barretter. — The ideal microwave 
power detector would have a square-law response; that is, its resistance 
change would be directly proportional to the power dissipated in it. 
Square-law response is especially desirable in a bolometer, since it is 
the first requisite for linearity in the calibration of a direct-reading 
bolometer bridge. It may be seen from Eq. (30) that a thermistor is far 
from being a perfect square-law detector. The barretter more nearly 
meets this condition, and has an approximately linear curve of d-c 
resistance versus power over much of its resistance range. The steady- 
state d-c resistance-power curves of a number of barretters have been 
studied, and it has been shown that they can be reproduced accurately by 
curves calculated from the equation 

R - Ro = (56) 

where Ro is the cold resistance of a barretter in ohms and R is the barretter 
resistance when dissipating P watts. Values for a typical type 821 
barretter are /?o == 115 ohms, n = 0.9, and J = 7.57. 

A general proof can be advanced^ to demonstrate that a barretter 
cannot be a perfect square-law detector. Because of the conduction 
cooling of the element by its lead wires, a temperature gradient must 
exist along the length of the platinum wire. The resistance r per unit 
length of the wire is therefore a function of position as well as of current. 
For direct current, the power-resistance relation may be written 

^ E. Peskin, “Microwave Power Measurement wuth Bolometers, “ NDRC Report 
14-529, Polytechnic Institute of Brooklyn, Oct, 31, 1945. 
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P = 


P 



r{P,x) dz = PR(P), 


Corresponding to each value of current is a value of resistance rise referred 
to Rqj the cold resistance of the barretter. Thus, 


P = f{R - Ro) = ai{R - Ro) + a 2 (R - Ro)^ + • * • . (57) 

The power dissipation in the barretter may be expressed as 

p ^ PR ^ p^R ^ R^) + PR^^ (58) 

Substitution of Eq. (57) in Eq. (58), and ordering of terms results in 

P = aiRo(R — Rq) + (a2-ffo "b Ui)(/? ~ Ro)^ 

+ ia,Ro + a2){R - R.y + * • • . (59) 


Finally, since ai appears in the second term of the series expressed by 
Eq. (59), it is obvious that some deviation from a perfect square-law 
response exists. 

When a barretter is used in a microwave power-measurement circuit, 
the deviation from square-law response is affected by the resistance 
of the bias-current supply. As discussed in Sec. 3T, in general, the 
d-c bolometer power is changed when microwave power is introduced. 
Thus the normal deviation from square-law response, implicit in Eq. 
(56), must be differentiated from the effective deviation. The effective 
deviation includes the effect of the bolometer bias supply on the final 
resistance change resulting from application of the microwave power. 
If the resistance of the barretter bias supply is such that the d-c bias power 
is independent of the microwave power level in the barretter, then the 
so-called normal and effective deviations from square-law response 
become identical. The percentage deviation 5 from square-law response * 
is 


/?i -f- AiZ 

~ RT^ 


Pi 


Pi + AP 


-■) 


100 , 


m 


where Ri is the operating resistance of the barretter, Pi is the d-c bias 
power at operating resistance, and AP is the change in barretter resistance 
caused by microwave power, AP. 

For the type 821 barretter. 


Pi = 200 ohms. Pi = 16 • 4 mw 

I = 9.06 ma, t = 25°C. 

For these values of the parameters, the Speriy Gyroscope Company 
has prepared a graph of Eq. (60) as a function of AP. This graph 
is shown in Fig. 3*49. 

‘ ''The Sperry Type 821 Barretter for Microwave Power Measurement and Detec- 
tion,” Sperry Gyroscope Company, Report Ko. 5244-1042, July 24, 1945. 
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Of direct interest is the calculation of the error in a direct-reading 
barretter bridge caused by the deviation from square-law response. 
It will be assumed that the normal and effective deviations are equal, 
and that a barretter bridge circuit is used which is equivalent in operation 
to the thermistor W-bridge. The 
first bridge balance is an a-f bal- 
ance, and d-c power is used as a 
calibrating signal. Calibration is 
effected for a full-scale meter 
deflection, and linear interpolation 
on the meter is used for power 
levels less than that corresponding 
to full-scale deflection. When 
microwave power is applied to the 
barretter, the bridge (by interpola- 
tion) reads Pm. Because of the 
deviation from square -law 
response, the meter deflection 
actually corresponds to a slightly 
different power level P<. The per- 
centage error, referred to full-scale 
deflection, is 7 , 

y = X 100 = 

i cfe 



Pt 


X 100, (61) 


P, 

P 2 - Pi 

where Pi is the a-f bias power for 
initial bridge balance, Pdc is the d-c 
calibrating power for full-scale deflection, and P 2 equals Pi + Pdc 
The slope of the chord XY in Fig. 3-50 is given by 


0 -5 -10 -15 -20 -25 

% deviation from square - law response 

Fig. 3-49. — Barretter characteristic of 
incremental power vs. percentage deviation 
from square-law response. 


tan 6 = 


Pi ~~ Pi 

Pi - pV 


(62) 


If the ft's in Eq. (62) are eliminated by application of Eq. (56), 

, . J(P? - P?) 

tan 6 = 

The resistance of the barretter for steady-state meter deflection mth 
microwave power, P 3 , is given by 

R, = (p„ - Pi) tan e + Pi. (64) 

By substitution of Eqs. (56) and (63) in Eq. (64), the expression for 
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R» becomes 


R* 


J(P ; - ■P?)(Pm - Pi) 

Pt- Pi 


+ JPi + Rq. 


( 66 ) 


If Eq. (56) is solved for Pt in terms of Rs, and the value of Rs according 
to Eq. (65) substituted, 


■[ 


(P; - P?)(P„ - Pi) 


■ l/n 

+ P? . 


( 66 ) 

Pt - Pi . - 1 . • 

Finally, by substitution of Eq. (66) in Eq. (61), the expression for 

„ I (PS - P?)(P™ - P,) 


7 = 


Pt - Pi 


+ Ps] 


lA 


Pi -Pi 


X 100. 


(07) 


To illustrate the magnitude of this error, assume the following typical 
operating values: Pi = 8 mw, P^ = 12 m\v, and Pm = 10 mw. Sub- 



P (Power in milliwatts) 

Fia. 3-50. — Barretter characteristic: steady-state resistance vs. power for Siierry type 821 

barretter. 


stitution of these values in Eq. (07), and the use of n = 0.9, gives y a 
value of 2.5 per cent. Note that y becomes zero for both zero and full- 
scale deflections, and has its maximum value when the microwave power is 
one-half the d-c power used for full-scale calibration. The deviation 
from square-law response is not important in balanced-bridge operation 
since the barretter is always operated at constant resistance. 

Equation (56) may be differentiated to obtain an expression for the 
detector sensitivity of the barretter 

dR 


n{R — Po) 
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Data taken on 60 Sperry type 821 barretters give values for detector 
sensitivity ranging from 4.17 to 4.88 ohms/mw, at an operating resistance 
of 200 ohms and a temperature of 25®C. The average value is 4.46 
ohms/mw, and the mean deviation from the average is 2.75 per cent. 

Figure 3*51 shows the depend- 
ence of the barretter bias power on 
ambient temperature for operation 
of the barretter at 200 ohms. The 
approximate linearity of the two 
curves suggests that Eq. (56) may 
be modified, as was the thermistor 
equation, to include the effect of 
ambient temperature T on the 
barretter resistance, thus. 



R 


-Ro = j(p + 


(69) 


-30 -20 -10 0 +10 +20 +30+40 +50+60 +70 
Temperature - °C 

Fig. 3-51. — Barretter characteristic: am- 
bient temperature vs. power required for 
200-ohm operation. 


The derivative of Eq. (69), dR/dP^ can be expressed solely in terms 
of J, n, and {R — Ro). This would indicate that the detector sensitivity 
of a barretter, at a given operating resistance, Ls independent of T. 
The extent of the error involved in assuming a linear relation between 
P and T is indicated by experimental data on dR/dP as a function of T. 

It has been found by the Sperry Gyroscope Com- 
pany that dR/dP varies linearly with T within ± 3 
per cent over a ± 50°C ambient-temperature range. 
This is not a large variation. Consequently, Eq. 
(69) can be considered valid for many approximate 
calculations. 

Convection cooling of the fine platinum \vire 
has an important influence on the characteristics 
of the barretter. The detector sensitivity is greatly 
increased, and the time constant is increased. 
Little use has been made of evacuated barretter 
capsules because of their increased sluggishness. 
Barretters are usually used in applications where 
a fast response is desired, and thermistors are still 
preferred in applications where a longer time con- 
stant is not a handicap. The effect of altitude on 
the detector sensitivity of a barretter has not been 
studied, but should be of interest in connection with airborne-radar test 
equipment using barretters. The Tung-Sol Lamp Works has developed 
the evacuated barretter shown in Fig. 3-52. The resistance of the unit 
measured at a current of 0.5 ma is 200 ohms ± 25 per cent. The increase 



Fio. 3-52.— Evacu- 
ated high-frequency bar- 
retter manufactured by 
Tung-Sol Lamp Works, 
model B-IOO. 




166 


MICROWAVE POWER MEASUREMENTS 


[Sec. 3-24 


in resistance due to skin effect is less than 1 per cent for frequencies up to 
10,000 Mc/sec. The sensitivity is 4.6 /xw for a 1 per cent change in resist- 
ance at the optimum bias current of 0.5 ma. The maximum current is 
1.25 ma. The Radiation Laboratory has had no experience with the unit, 
but its physical size would seem to limit its usefulness to wavelengths of 
10 cm and longer. 

The time constant t of the Sperry type 821 barretter is 320 ^sec ± 10 
per cent. It is determined from r = Htt/, where / is the modulation 
frequency at which the demodulation sensitivity of the barretter is 3 db 
down from the value at 100 cps. Typical demodulation response curves 

for the barretter are given in Fig. 
3-53. The curves were taken with 
a constant d-c bias current and an 
average resistance of 200 ohms. 
The carrier frequency was 10 
Mc/sec and was modulated ap- 
proximately 20 per cent by a sine 
wave. The power of the carrier 
was 1 mw. The two curves are 
expressed in decibels relative to 
the power in the fundamental at 
100 cps. 

The type 821 barretters are 
normally operated at 200 ohms, demanding a bias power of approximately 
15 mw. The maximum safe power level (limited by alloying of silver 
specks with the platinum) Is 32.5 mw. The power required to fuse the 
barretter wire is in excess of 50 mw. 

The equivalence of the heating effects of direct current and micro- 
wave current, the requisite for application of the barretter to absolute 
power measurements, has been the subject of several investigations.^ 
The treatment to be followed here Is due to Feenberg. 

If the wire is heated by direct current, the power dissipation is uni- 
form throughout the cross section of the wire. The heat losses from 
the surface establish a condition in which the center of the wire Is hotter 
than the surface. High-frequency currents, however, because of skin- 
depth considerations, generate heat at and near the surface of the wire. 
If the wire is thin, a negligible temperature gradient exists along the wire 
radius, and the temperature can be assumed constant throughout the 
cross section. 

* H. E. Webber, Power Measurement in the Microwave Region,” Sperry Gyro- 
scope Company, Report No. 5220-109, Mar. 9, 1943. E. Feenberg, “The Frequency 
Dependence of the Power-resistance Relation in Hot Wire Wattmeters,” Sperry 
Gyroscope Company, Report No. 5220-108, Mar. 10, 1943. 



Fig. 3*53. — -Barretter characteristic: 
demodulation response vs. modulation 
frequency. 
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In the case of high-frequency heating, the resistance Ra of the wire 
is given by 

1 _ ira^e{Ta) 

Ra - — i—’ 

where a and I are the radius and length of the wire, respectively, S{Ta) 
is the electrical conductivity of the wire, and Ta is the absolute surface 
temperature required to dissipate the generated heat. 

If the wire is heated by d-c power, the wire resistance R is given by 


2 ^ 27r /** 

R I Jo 


0(T) • dr. 


(71) 


Since 6 (T) varies inversely as the absolute temperature, for small 
variations in 7", 

e(T) = d(Ta) - ^ • {T - Ta). 

a 

Therefore, 

l-H. ^ 1 r . dr 172) 

H. o Jo T. “ ■ 


It is possible to compute T as a function of r, the distance along 
the wire radius, by solving the heat equation in cylindrical coordinates. 



where k is the thermal conductivity of the wire in cal/®C sec cm, p is 
the heat production, in cal/sec cm^, P is the total power dissipation, in 
watts, and J is 0.239 cal/joule. 

The required solution of Eq. (73) is 


-P J{r^ - g^) 
AiraHk 


(74) 


If Eq. (74) is substituted in lup (72), and integrated 

R = Ra + 0.013 (75) 

A 1-cm tungsten wire, dissipating 50 watts at 3000°C, has values 
of R and Ra which differ by only p^r cent. The difference is cor- 
respondingly small for a platinum wire operated at a high surface 
temperature. 

The matter of different temperature gradients throughout the cross 
section of the wire is not the only concern, however. High-frequency 
standing waves may exist along the length of the barretter wire, and 
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consequently hot and cool spots may exist at the current loops and nodes. 
This condition does not exist for direct current, and its effect must also 
be considered. Bleaney^ has treated this problem in considerable detail, 
and the results of his investigation will be summarized. 

Like Feenberg, Bleaney treats the case of a wire thin enough so 
that the temperature rise due to r-f heating is uniform across the wire. 
He assumes that because the high-frequency power is small compared to 
the d-c bias power, it causes a small temperature rise. The change of 
high-frequency resistance with temperature does not materially alter 
the power developed at each point along the Avire from a cosine-squared 
distribution. Because of the change in skin depth, the high-frequency 
resistance does not vary with temperature according to the same law 
as the d-c resistance. The development involves integrating the differ- 
ential equation for the temperature distribution along the wire. If 
radiation losses are neglected and only conduction losses to the lead-wire 
supports are considered, the expression derived is 

ill 
(fl. 

where <t> = 27rl/\^ and I is the wire length. When the center of the 
wire is halfway between a current loop and node, cos 2b = 0. When 
the center of the wire falls on a current loop or node, cos 2b = ±1. 

From Eq. (76) it may be demonstrated that 

1. Regardless of wire length, the heating effects of direct and high- 
frequency current are exactly equivalent if the center of the wire 
is halfway between a current loop and node. 

2. Regardless of wire length, the maximum error occurs if the center 
of the wire is coincident with either a current loop or node. 

3. The error is zero for a wre the length of which is 0.96X. 

4. The maximum error (35 per cent) occurs for a wire slightly greater 
than X/2 in length, with a current loop at its center. The barretter 
will indicate greater high-frequency power than it should, since 
the maximum heat is at the center of the \vire where the leads 
cannot dissipate it effectively. 

As the wire length is increased, lead-wire conduction losses become 
less important and radiation losses assume increased prominence. How- 
ever, Bleaney concludes that radiation losses have a negligible effect 

* B. Bleaney, Power Measurements by Bolometer Lamps at 3-cm Wavelengths,^^ 
Report CD Misc. 7, CVD Research Group, New Clarendon Lab., Oxford, England, 
Sept. 21, 1942. 


_ 1 + I 2 cos 25 - cos 


^ , sin <t> 

1 H • cos 25 
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on the conclusions stated above provided that the wire length is less than 
0.96X. 

3*26. Direct-reading Bridges for Barretters. — Direct-reading barret- 
ter bridges are in most respects similar to direct-reading thermistor 
bridges. Barretters have a smaller detector sensitivity than thermistors, 
and consequently, d-c barretter bridges are usually less sensitive than 
d-c thermistor bridges. In order to achieve comparable sensitivity it is 
necessary to select the bridge-arm resistances so that the bridge driving 
voltage and bridge current are relatively large. The following data, 
applicable to the Sperry type 821 barretter, specify the approximate 
sensitivity of a d-c barretter bridge. With all bridge arms 200 ohms, 
and using a 200-ohm microammeter, the unbalance current caused by 
1 mw of microwave power is 50 fia. The unbalance current increases to 
100 uSi in the limiting case of a zero-impedance meter. If two of the 
bridge arms are made higher in resistance, the bridge driving voltage 
must be increased, but the unbalance current for a 200-ohm meter can 
be increased to about 70 /la. In the more sensitive barretter bridge 
circuits which use audio frequencies with amplification, the frequencies 
must be higher than those used with thermistor bridges because of the 
much shorter time constant of the barretter. 

Although no attempt has l>een made to do so, it is possible that the 
thermistor W-bridge, X-bridge, and self-balancing-bridge designs could 
be modified to adapt them for use with barretters. Among other things 
the modifications would include higher oscillator frequencies and a change 
in the phase of feedback voltages to take into account the fact that the 
barretter has a positive rather than a negative temperature coefficient 
of resistance. No attempt has been made to adapt disk thermistors to 
the temperature compensation of direct-reading barretter bridges, 
but there appears to be no fundamental reason why this cannot be done. 
The several barretter bridge designs to be discussed have all been con- 
tributed by the Sperry Gyroscope Company as a part of their general 
development of barrettei*s for microwave power measurement. It 
will be observed that the V^ridge techniques used are somewhat different 
from those discussed in connection with thermistor bridges, but again, 
with proper modifications, these designs should be applicable for use with 
thermistors. All designs discussed use the Sperry type 821 barretter. 

Figure 3*54 shows the circuit constants of a d-c barretter bridge of a 
simple type. This bridge was originally designed for monitoring micro- 
wave power at a level of 0.75 mw over the ambient-temperature range of 
— 40° to -h70°C. This power level provides 20 per cent of full-scale 
deflection for an average barretter at 25°C. Variations in barretter 
sensitivity and in ambient temperature can cause a maximum error 
of ±20 per cent referred to the average barretter operating at 25°C. 



170 


MICROWAVE POWER MEASUREMENTS 


[Sec. 3-25 


Partial sensitivity compensation is achieved by using copper resistors 
in two of the bridge arms. The difference in the temperature coefficients 
of resistance of copper and of manganin is sufficient to accomplish this. 
No drift compensation is included in the design since the bridge sensitivity 
is relatively low, and since a manual balance is made immediately prior 

to each microwave test. The 


9000, ± 1 % 
Manganin 


0-2500 

Ntchrome 


280.±13J, 

Copper/ 


Barretter 


280, ±1% 
\ Copper 


^ 200 , ± 1 % 
Manganin 


laOvd-c^-^^ 

regulated 


© 0200 ^iar 28 a±V^%^ ^ 

coil component 180, ±10^; Copper 
remainder Manganin 

Fio. 3*64. — Sperry d-c barretter direct-read- 
ing bridge. 


meter has a resistance of 280 ohms 
± i per cent, of which the copper 
coil has 180 ohms ± 10 per cent. 
The remainder of the resistance is 
composed of manganin. 

The barretter bridge sho^\^l in 
Fig. 3*55 is operated as a balanced 
bridge, but is nevertheless direct- 
reading in microwave power. 
The bridge is made self-calibrating 
through the use of a .calibrating 
resistor and a d-c milliammeter. 


With the microwave power source disconnected from the barretter, the 
selector switch S is thro\vn to the calibrating-resistor position. The d-c 
bridge current is adjusted so that the milliammeter reads full-scale deflec- 
tion — a current corresponding to 10 mw of d-c power in the calibrating 
resistor. When the barretter replaces the calibrating resistor, the d-c 
power is inadequate for bridge balance, and balance is achieved by 
superimposing some low'-frequency 
r-f power on the d-c power in the 
barretter. If the resistance of 
the calibrating resistor is chosen 
the same as the resistance of the 
barretter at bridge balance, the d-c 
barretter power at the balance 
condition must be 10 mw. Intro- 
duction of microwave power un- 
balances the bridge, and balance 
is restored by reducing the d-c 
bridge current. The d-c milliam- 
meter is calibrated (nonlinearly, of course) in terms of microwave power 
from 0 to 10 mw. It is convenient to use a zero-right milliammeter 
for this application so that the microwave power scale may be zero-left. 

When the bridge is balanced, microwave power may be read directly 
from the milliammeter calibration to an accuracy of better than ± 10 
per cent. It is essential, however, in this bridge design to use precision 
bridge-arm and calibrating resistors as well as an accurately calibrated 



Fio. 3*65. — Sperry manually balanced bar- 
retter direct-reading bridge. 
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meter. The self-calibrating feature obviates the need for sensitivity 
compensation, and again, the bridge sensitivity is too low to demand 
drift compensation. 

The self-balancing bridge shown schematically in Fig. 3*66 is powered 
partially by high-audio-frequency and partly by d-c power. The a-f oscil- 
lator is a regenerative amplifier deriving its feedback from the unbalance 
of the barretter bridge. The meter M responds to the a-f power delivered 
to the bridge, but is calibrated in terms of microwave power. The 
calibration is referred to an a-f power level of 10 mw, which is decreased 
by an amount equal to the level of microwave power when the bridge 
balances itself Avith the microwave source connected to the barretter. 

Corrections for barretter differ- 

ences and ambient-temperature 
variations are made by changing 
the d-c power component. The 
bridge is operable over a wide 
range of sensitivities, with a maxi- 
mum sensitivity of approximately 
50 fjLW full scale. The high bridge 
sensitivity is obtained by increas- 
ing the d-c power component and 
by increasing the indicator sensitivity. As in the bridge design shown in 
Fig. 3-55, it is convenient to use a zero-right meter so that the microwave 
power scale vill be zero-left. Design work on this bridge circuit is cur- 
rently incomplete so that a detailed circuit diagram is not available. 

3«26. Barretter-amplifier Combinations. — Barretters have been used 
extensively in microwave measurements to indicate power-level ratios. 
For example, they are invaluable in studying antenna patterns, and are 
often used in attenuation mca.su rements. In these applications the 



Fio. 


3-56. — Sperry self-balancing barretter 
direct-reading bridge. 


barretters are commonly biased Avith direct current and used with pulse- 
or square-wave-modulated microwave power so that the demodulation 
signal may be amplified. A typical arrangement of test gear involves a 
barretter in a microwave mount with a high-gain tuned preamplifier, 
the output voltage of Avhich is registered on a logarithmic a-c voltmeter. 
With such an indicator it is possible to read power-level ratios directly 
in decibels. The relatively short time constant (high demodulation 
sensitivity) of the barretter makes it preferable to the thermistor for 
these applications. Crystals are excluded from consideration because 
they do not have a square-law response and are easily burned out by 


high pulse power. 

Not only may barretter-amplifier combinations be used for power-level- 
ratio measurements, but they may also be used in place of bridge circuits 
for direct power measurement. The combination must be calibrated 
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against a balanced bridge, and thereafter the stability of the amplifier 
gain and of the barretter characteristics may be depended upon to main- 
tain the calibration. High sensitivity is more easily achieved in this 
manner than with a bridge circuit. Moreover, there is less trouble from 
ambient-temperature variations. The chief disadvantages are that 
the combination is not self-calibrating unless a bridge circuit is appended, 
and that the method is applicable only with pulsed or modulated power. 

The time constant of the barretter, as well as its detector sensitivity, 
influences the sensitivity of the barretter-amplifier combination. The 
normal variations in sensitivity to be expected are indicated by the data of 


1000 cps 
amplifier 


VTVM 



Fig. 3*57. — Barretter-amplifier combination used for microwave power measurement. 


Table 3*8, One hundred Sperry type 821 barretters were tested in the 
circuit shown in Fig. 3*67. In making the tests the microwave input 
power was 100 per cent modulated by a 1000-cps square wave. The 
barretter bias current was fixed at 8.6 ma for all barretters, and the 
microwave power level was held constant. The data indicate that many 
barretters give an amplified signal that is within ± ^ db of the mean 
value for the hundred. 


Table 3-8. — Data on the Repboducibility of Barretters Used with an 


Amplifier and Vacuum-tube Voltmeter 


No. of barretters 
6 
5 
16 
24 
26 
14 
5 


Relative output reading 
< 65 
65- 70 
70- 75 
75- 80 
80- 85 
85- 90 
90-100 


It will be of interest to develop the theory of a barretter that is 
biased by a d-c voltage and subjected to pulsed microwave power. The 
rate of change of resistance of the barretter with time may be expressed as 

dR dR dS dH 
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where 2? is the resistance of the barretter, t is the time, 6 is the absolute 
temperature of the barretter wire, and H is the heat content of the wire. 
The heat capacity Cp of the wire is dH/dO. If Eq. (77) is solved for 
dH/dt, 


dH _ ^ ^ 

dt ~ ^’^ 'dR 'di' 


(78) 


Equation (78) expresses the rate at which the wire is heated. Not 
all of the pulsed power is effective in heating the wire. Heat losses to 
the environment occur since the wire is not in an adiabatic system. As 
a first approximation (Ad small), the losses may be expressed as 

= a^e = a dR-^E, (79) 


where a is the thermal conductivity of wire, and is the temperature 
difference between the barretter wire and its environment. 

The microwave pulse input power P is the sum of the two dH/dt 
components expressed by Eqs. (78) and (79). Thus, 


P = Cp 


dd dR , dd 
dR‘ dt+^dR^^^^ 


Since 

d(AR) ^ 
dt 

Eq. (80) may be written as 

d(AR) , AR 

-irr 


dR 

~dV 

dR 

Cp 


(80) 


(81) 


The differential equation given by Eq. (81) is analogous to that 
obtained for a simple parallel /^C-network driven by a constant current 
generator. In establishing the analogy the correspondences are 

1. The voltage drop across the RC -netw ork corresponds to AR, 

2. The current from the generator corresponds to P, 

3. The capacitance corresponds to Cp • (dd/dR). 

4. The resistance corresponds to (1/a) • (dR/dd), 

The integration of Eq. (81) leads to ^ 

AR = siP + (82) 

where 

_ Cp 
7 = — } 

a 

the barretter time constant, and 

1 dR 

^ = a-de’ 


a quantity proportional to the detector sensitivity of the barretter. 



174 


MICROWAVE POWER MEASUREMENTS 


[Sec. 3-26 


During the period of a pulse, the resistance of the barretter will 
increase exponentially according to Eq. (82). In the interim between 
successive pulses the resistance will decay exponentially. The decay 
will be less than the rise until a steady-state condition is reached, at 
which time they become equal. In this steady-state condition the 
resistance of the barretter (or the voltage drop across the wire) fluctuates 
between maximum and minimum values which may readily be deter- 
mined by applying suitable boundary conditions to Eq. (82). Thus, 

(T-L) 

-- \l — e r ] 

6m** — 6min = sioP(l — 6 — ^ t (83) 

(1 - e~) 


where io is the bolometer bias current in amperes, L is the pulse length 
in seconds, and T is the repetition period in seconds. 

It may be observed from Eq. (83) that the amplitude of the demodula- 
tion signal is independent of the repetition period T either when T 
or when Ty> t and {T — L)yy t. Thus, in order that the calibration 
of the barretter-amplifier shall be unaffected by variations in repetition 
rate, it is desirable that the pulse length and barretter time constant 
both be small compared to T. In this case Eq. (83) may be simplified to 


6m** — 6inin = -WoP(l — 6 


Finally, if L/2 t « 1, 


^) = sioP ( 1 


(- 



u 

'2r^- 
1 - 


L 

2t 


Cmin 


sipPL 



(84) 


(85) 


When using a Sperry type 821 barretter with l-/isec pulses at a repetition 
rate of 1000 pps, Eq. (85) Is valid. It should be noted that Eq. (85) 
specifies that the amplitude of the demodulation signal is directly 
proportional to PL, the pulse energy of a square pulse. 

The detector sensitivity s of the barretter is somewhat temperature- 
sensitive so that the calibration of the barretter-amplifier combination 
depends to a small extent on temperature. The problem is not so 
severe as the problem of drift control in a bridge circuit that has a 
sensitivity comparable to that of the amplifier. Stability of the bias 
current is as critical as for bridge circuits. 

A Fourier analysis of the steady-state exponential sawtooth wave 
for small duty cycles shows that the amplitude of the fundamental 
component is given by 



Sec. 3*27] 


BARRETTER MOUNTS 


175 



Hence the amplitude of the demodulation signal is not independent of 
the repetition period until When T is 500 /zsec, a 10 per 

cent variation in T will effect a 1.6 per cent change in the amplitude of the 
demodulation signal. 

There are several considerations with regard to amplifier design 
that deserve mention.^ Since the amplitude of the fundamental compo- 
nent of the demodulation signal is not independent of repetition fre- 
quency w^hereas the amplitude of the sawtooth wave is, it is desirable to 
use a narrow-band amplifier. It has been pointed out that the barretter 
in this application is analogous to a parallel 7?C-network. Thus it 
acts as a simple low-pass filter with a time constant of 350 jusec. This 
corresponds to a half-power point of 1.6 kc/sec, and an amplifier with 
an upper pass band of 16 kc/sec can be used to get an acceptably accurate 
reproduction of the sawtooth. Since there are no components below the 
repetition frequency, the low-fiequency half-power point need only be 
located sufficiently far below this frequency to cause negligible phase 
shift. It should not be made lower than necessary to avoid objectionable 
distortion of the sawtooth wave since the noise increases with bandwidth. 

An acceptable amplifier design consists of three stages of 6AK5 tubes 
with a total voltage gain of 50,000, followed by a cathode follower which 
is used to drive the diode detector with a low-impedance source. The 
diode detector is of the voltage-doubling type, charging a condenser 
to the peak-to-peak voltage. A cathode-follower bridge is used to 
drive the output meter which is calibrated to read linearly in pulse 
power. Three per cent gain stability can be realized by using a feedback 
factor of approximately 20. A single-loop feedback arrangement gives 
adequate stability, but must be carefully shielded to avoid oscillation. 
Consequently, a double feedback loop using two L-pads may be pref- 
erable. The gain control may be installed in the cathode-follower driver 
or as an adjustable shunt on the output meter. 

3*27. Barretter Mounts. — In the early days of microwave research 
when Littelfuse bolometers were popular for power measurement, the 
fuse capsules were installed in a coaxial-line mount of the type shown in 
Fig. 3 •58. The 10-cm-band mount shown is tunable and has such a 
narrow bandwidth that it must be retuned at each new wavelength. 
The two tuning adjustments are an adjustable length of line adjacent 

‘ R. 8. Chaloff, R. J. Harrison, W. W. Mathison, G. B. Guthrie, “Design Proposal 
for AN/ALN-19A Check Set,” RL Report 1062, Mar. 27, 1946. 
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to the fuse capsule and a tunable stub line at the opposite end of the 
mount. Both the stub and telescoping line stretcher are rack-and- 
pinion-driven. The 50-ohm, |-in. coaxial line is tapered from the right- 
angle T to a 50-ohm type N jack for cable connection. 

The VSWR in the line between the fuse and the T is large. How- 
ever, by adjustment of the line stretcher it is possible to make the 
admittance of the termination, referred to a point at the T, lie on the unit 
conductance circle. The stub may then be tuned to provide a sus- 
ceptance of equal magnitude and opposite sign — the condition necessary 
to provide a matched-impedance mount. Because of the difficulty of 
making accurate VSWR measurements in ^g-in. line (cable size), the 
criterion for impedance match is more often taken to be the maximization 



Fig. 3-58. — Section drawing of a 10-cm-band tunable Littelfuse mount. 


of the power indication. As for coaxial-line thermistor mounts, the stub 
provides a return path for the d-c bridge current, and the polystyrene 
tape or mica provides a microwave short circuit but an open circuit for 
direct current. 

There is nothing in the mount design shown in Fig. 3*58, aside from 
minor mechanical details, that characterizes it solely as a barretter mount. 
A thermistor could be used equally well in a mount of this type, but 
available broadband thermistor mounts are preferable for most purposes. 

Littelfuses have also been installed in waveguide mounts; the method 
of installation is similar to that used in thermistor waveguide mounts. 
For example, Westinghouse Electric Corporation has designed a wave- 
guide directional coupler for power-monitoring and automatic VSWR 
indication which uses specially selected Littelfuses. The impedance 
match is satisfactory for operation of the power monitor over the band 
from 2700 to 2900 Mc/sec. Similar to waveguide thermistor mounts, 
a fixed-tuned Littelfuse mount uses a tunable coaxial stub and a tunable 
waveguide end plunger. 

Whereas the Littelfuse design does not lend itself to broadband 
impedance-matching in microwave mounts, the Sperry type 821 barretter 
has both desirable and reproducible microwave impedance characteristics. 
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The Sperry Gyroscope Company has developed a series of several 
barretter mounts, all of which use the type 821 barretter. The first in 
this series is a 3-cm-band waveguide mount, a section drawing of which is 
shown in Fig. 3-59. 

The most interesting feature of the mount is the resonant iris 
(window)^ that is used for broadband matching. The resonant iris 
acts as a parallel-resonant circuit shunting the waveguide. In the 
neighborhood of resonance the behavior of the resonant iris can be com- 
pletely predicted if the resonant frequency, the unloaded Q, and the 



Fio. 3-59. — Section drawing of the Sperry type 82X barretter mount; 3-cm band, narrow- 
side view. {Courtesy of Sperry Gyroscope Company.) 

characteristic impedance are known. For a narrow slot, resonance 
occurs when the slot length is approximately X/2 in air. The losses in a 
well-soldered metal window' are low, the unloaded Q is of the order of 
1000, and the losses can be neglected. The characteristic impedance of a 
resonant circuit is defined as \/L/C\ For a w'indow, the characteristic 
impedance is a function of the slot w'idth and the thickne.ss of the w-indow. 
It increases mth slot width, and decreases with increasing thickness of 
metal. The characteristic impedance is of prime importance in this 
application since it determines the shunting reactance offered by the 
window at frequencies off resonance. 

Circle-diagram plots of impedance against frequency are conveniently 
used to determine the desirable characteristic impedance and the distance 
from the barretter at which the w'indow should be placed. In order to 
realize the maximum possible bandw'idth, it is found advisable to accept 

' T. Moreno, “A Fixed-Tuned Broadband Wattmeter Using a Broadbandkig 
Window,” Sperry Report No. 5224-1003, June 19, 1944. 
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a small mismatch at midband in order to get a very low VSWR at wave- 
lengths on both sides of the midband wavelength. The designer strives 
for a curve of VSWR against X similar to the broadband curve shown in 
Fig. 3*29. If the susceptance-frequency characteristic of the window 
and the admittance-frequency characteristics of the mounted barretter 
are known, ‘^cut and try’’ calculations with a circle diagram may be 
used to establish the iris location that gives the curve of the desired type. 
It is common at low-frequencies to overcouple two resonant circuits 
to obtain a broad double-humped bandpass characteristic. The window 



3.15 3.25 3.35 3.45 3.55 

Wavelength in cm 


Fio. 3*60. — Effect of resonant iris on broadband match of type 82X barretter mount. 


and the mounted barretter may be thought of as a pair of resonant cir- 
cuits which, by proper coupling, can be made to give a double-humped 
curve of VSWR against X like the one in Fig. 3*29. 

In designing the type 82X mount to operate over the 3.13- to 3.53-cm 
band, it was found advisable to tune the iris to 3.2 cm. The \/L/C 
ratio of the resonant iris was so selected that its susceptance, properly 
located with respect to the barretter, provided a matched mount admit- 
tance at approximately 3.45 cm. Table 3-9 contains VSWR data taken 
with 16 type 821 barretters in the 82X mount that uses a fixed end- 
plunger position. It will be observed that the barretter mount has a 


Table 3-9. — Data on VSWR of 16 Barretters in the Type 82X Mount 


VSWR 

Wavelength, cm. 

3.13 

3.24 

3.33 

3.43 

3.53 

Highest 

1.29 

1.15 

1.23 

1.18 

1.27 

Second highest 

1.27 

1.14 

1.21 

1.14 

1.21 

Average 

1.20 

1.09 

1.15 

1.10 

1.13 
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bandwidth similar to that of the 0-0 thermistor mount. Figure 3*60 
shows clearly the influence of the resonant iris on the broadband match 
of the mount. 

In the mount of Fig. 3-59 microwave chokes are used at each end 
of the barretter capsule to reduce microwave leakage. The barretter 
is installed from the top of the mount, after removing the threaded 
plastic cap. 

The Sperry Gyroscope Company has developed a 6-cm barretter 
mount in a 2- by 1-in. waveguide which meets the specification of a 
maximum VSWR of 1.5 over a ±12 per cent wavelength band. It is 
similar in construction to the 3-cm-band type 82X mount. 

Design work on a series of coaxial-line barretter mounts is currently 
in progress. It has been established that a low-resistance (for example, 
125-ohm) barretter can be more easily broadbanded in a coaxial-line 
mount than can the 200-ohm type 821 barretter. There is an advantage 
in operating the wire at a resistance that is close to the characteristic 
impedance of the line. The disadvantage of a low-resistance wire is the 
decreased maximum power dissipation. Tests made over a 9- to 20-cm 
band with type 821 barretters in ^-in. coaxial line have indicated the 
following results. With the microwave short circuit at one end of the 
capsule, there is a plane near the opposite end of the capsule at which 
the termination impedance is almost entirely real and changes very 
slowly with wavelength. This impedance is approximately 300 ohms 
when the wire is biased to 200 ohms. These conditions are relatively 
favorable for broadband matching. 

Uncapsuled barretters are used in waveguides as small as 1-cm-band. 
It has been mentioned in Sec. 3*21 that barretter wires can be installed 
in a 1-cm-band thermistor mount, but the barretter installation will 
not be as broadband as the thermistor for which the mount was designed. 
A simple tunable 1-cm-band barretter mount can be constructed by 
placing an inductive-capacitive side stub an odd number of one-eighth 
waveguide wavelengths in front of the wire. When thus placed the 
matching stub will have low loss. The use of side stubs may be avoided 
if the dimensions of the bolometer wire are properly chosen. A wire that 
has a diameter smaller than the skin depth and that is mounted across 
a waveguide has a microwave resistance equal to the d-c resistance 
of the wire and a reactance equal to that of a perfectly conducting wire 
of the same diameter. For match, both the relative resistance and 
reactance should be about 0.5. The resistance is most effectively con- 
trolled by the diameter and length of the platinum wire; the reactance 
is controlled by the length of the choke or other structural arrange- 
ments which do not produce bad distributions of current along the wire 
(see Sec. 3-24). 
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-Silver plated 
hair pin 


^ Silver 

plated filament 
support washer 


3.28. Load Lamps. — Lamps, like barretters, are hot-wire bolometers. 
The chief distinction between the two is in wire diameter. Lamps 

usually use wires considerably 

« Glass window larger in diameter than the wires 

used in barretter construction. 
Because of the larger wire diame- 
X ters, lamps are capable of greater 

power dissipation than are barret- 
ifLwindow They are usually medium- 

level power detectors, useful in the 
range of a few milliwatts to a few 
^ng*^ nS^ watts. Also, because of the larger 

wire diameters, many lamps can- 
—Silver plated be Used for absolute power 

S hairpin measurements. The lamps used 

in microwave power measurements 

Silver usually evacuated to increase 

ed filament their sensitivity, but are occasion- 
port washer 

ally gas-nlled to increase the maxi- 
mum safe power dissipation. 
They may be used in bridge cir- 
cuits, as are barretters, or they 
may be used Avith photocells or 
optical pyrometers which measure 
lat^Tuter the brilliance of their filaments, 
me shell General Electric load 

lamps^ have been extensively used 
for 10-cm-band power measure- 
i| ' ment, particularly in connection 

line seal ' — Silver plated with the standardization of the 

t (Ge'ier'mTumed Hghthouse-tube 

|| I inside) oscillators. The lamps are built 

; as sections of coaxial line having 

|l glass seals between the inner and 

Ij I outer conductors to enclose the 

ji filament termination in a region of 

^ high vacuum. The termination 

Fio. 3-61. — Construction of the General Elec- consists of four equally spaced 

trie Company L4PD load lamp. ^ ^ 

filaments mounted radially from 
the inner to the outer conductor. The end seal is made of glass to permit 
viewing the heated wire filaments. Figure 3*61 illustrates the construc- 
‘ H. W. Jamieson and H. E. Beggs, “A New Power Dissipation Lamp for Micro- 
wave Applications,’’ GE Data Folder No. 46248, Apr. 20, 1943. 


♦199-1 low- 
loss glass 
concentric 
line seal 


— Silver 
plated outer 
line shell 


— Silver plated 
inner line ^ 
(Getter mounted 
inside) 


Fio. 3-61. — Construction of the General Elec- 
tric Company L4PD load lamp. 
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tion of the lamp. The GE lamps are available in three wattage ratings. 
Table 3-10 summarizes the data for the three models. 


Table 3- 10. — Wattage Data on GE Load Lamps 


Model 

Wattage 

Visual 
glow at 

Recommended 

wattage 

range 

For normal 
brilliancy 

For 700^^0 

Max. for one 
hour life 

L4PD-1 

1.5 

0.04 

3 

40 mw 

0.1- 2 

L4PD-5 

5. 

0.1 

10 

100 

0.5-7. 5 

L4PD-15 1 

15. 

0.25 

30 

250 

2 -20 


The lamps are commonly used with a barrier-layer photocell, the 
holder for which seats directly on the lamp at its window end. The 
lamp-photocell combination may be calibrated by dissipating known d-c 
power in the lamp; however, the d-c calibration is 8 to 10 per cent in 
error at 10-cm-band wavelengths because of losses in glass seals and metal 
contacts, and because the wires are larger in diameter than the skin 
depth of the microwave currents. This error has been experimentally 
determined by making the lamp and photocell holder watertight, immers- 
ing them in a water bath, and calorimetrically comparing the d-c and 
microwave power levels required for the same photocell current. When 
observed with an optical pyrometer, the filaments appear to be uniform 
in temperature with negligible end cooling. The calibration curve for 
the L4PD lamp is very nonlinear, as shown in Fig. 3*62. 

Because of the filament shape, the L4PD lamps are not well imped- 
ance-matched. For example, the L4PD-5 gives a VSWR of 5 in a 
50-ohm line at 500 Mc/sec, and the VSWR in the same line is about 
10 in the 10-cm band. Tuning stubs and line stretchers are commonly 
used to maximize the input power to the lamps. The tuning adjustment 
is usually critical, and additional loss in poor tuner contacts is accepted. 

In parallel with its program of barretter development, the Sperry 
Gyroscope Company has taken an active interest in microwave lamp 
investigations. In cooperation with the Aerolux Light Corporation 
they have developed a lamp suitable for installation in a J-in. or larger 
coaxial line. A typical lamp has a 0.0005-in. tungsten filament, approxi- 
mately 1 cm long, which is enclosed in a cylindrical, side-exhausted glass 
bulb. Lead wires project from the ends of the bulb, as in the construction 
of capsuled thermistors, and the tungsten filament bridges the gap 
between the lead-wire ends. The lamps are installed in series with the 
inner conductor of the coaxial-line mount, in much the same manner 
as thermistors are installed in 10-cm band coaxial-line mounts. Maxi- 
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mum power dissipation for tlie filament is 0.5 watt in vacuum and 20 watts 
in hydrogen. 

Since the filament resistance is low (6 ohms cold to 70 ohms at burn- 
out) the lamps cannot be successfully broadbanded. A reasonably 
good match can be obtained, however, by the use of a single tuning 
adjustment, usually an end plunger which is adjusted to place a current 
loop at the filament. The resistivity of tungsten is sufficiently high that 
the diameter of a 0.0005-in. tungsten filament is no greater than the 



Fig. 3*62. — Representative calibration curves for General Electric Company load lamps. 

skin depth at 10 cm. The lamps are used with balanced bridges and 
retuning is necessitated only by frequency changes and not by power- 
level changes 

Further study of the broadband matching problem has led to a 
radically different lamp structure. Since the development is not yet 
completed it is impossible to show an accurate sketch of its construction, 
but the drawing shown in Fig. 3*63 illustrates the more important features 
of a design by the Sperry Gyroscope Company. 
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The lamp filament (1) is a 0.1-in. length of 0.00175-in. carbon wire, 
or alternatively, a 0.25-in. length of 0.0005-in. tungsten wire, which is 
installed with duPont silver cement. It is contained in a 705 hard glass 
shell (2), which is heat-sealed to a silver-plated Kovar plug (4). The plug 
is shaped for easy pressure insertion into the inner conductor of the coaxial 
line. A 0.010-in. borated-copper wrinkled disk (3) is sealed between 
the two sections of the glass shell. When the lamp is installed the metal 
cap (5), separated into two parts by the insulation ring (8), screws onto 
the outer conductor. It thereby squeezes disk (3) between itself and 
metal ring (6). The high-frequency bypass condenser (7) is formed of 
anodized aluminum or borate block. 

The d-c path between the inner and 
outer conductors is completed by a 
stub cavity-coupling loop, or other 
arrangement. 

The borated copper disk (3) 
terminates the line in a short circuit. 

This construction permits the 
filament wire to be located at a 
current loop that does not change 
position with frequency. The 
physical length of lamps with lead 
wires does not permit this. As in 
10-cm-band coaxial-line thermistor 



mounts, the ID of metal ring (G) has 
a marked influence on the imped- 


Fig. 3G3. — Sperry broadband lamp in 
coaxial-line mount. 


ance match obtained. It is believed that the reduced outer diameter of 


the coaxial line introduces sufficient capacitance to resonate the induct- 
ance of the filament wire. The result is a low-Q circuit, heavily loaded by 
the resistance of the wire. The design is potentially capable of extreme 
bandwidth. One of the early research models has a VSWR less than 1.1 
at 1000 Mc/sec, and less than 1.4 at 3000 Mc/sec. The maximum power 
capacity of the lamp is about 0.5 watt when evacuated and 5 watts when 
hydrogen-filled. The evacuated lamp with carbon filament has a detector 
sensitivity of approximately 33 ohms per watt. 

The British have used a small lamp for power monitoring in one of 
their 10-cm-band signal generators. The microwave current flowing 
through the filament is used to excite fields in a waveguide-beyond- 
cutoff attenuator. The oscillator power is adjusted until the filament 
glow is barely perceptible. With the aid of a magnifying lens installed 
in a microscope tube directed at the filament, a trained operator can 
reproduce the setting to within a few tenths of a decibel. The monitoring 
arrangement is said to have small frequency sensitivity. 
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3*29. Metalized-glass Bolometers. — The Graduate Electrical Engi- 
neering Department of the Polytechnic Institute of Brooklyn has 
developed a bolometer^ for medium-level power measurement at 10-cm- 
band which utilizes a tiny metalized-Pyrex tube as the detector element. 
The construction of the f-in. coaxial-line model is shown in Fig. 3-64. 
The inner conductor of the mount is supported by a broadband 
stub. The metalized-Pyrex tube, backed by a short circuit, terminates 
the line. Two X/4 transformer sections, one of which is a small-diameter 
copper wire, are used for impedance matching. The bandwidth of the 



Fig. 3-64.- — Section drawing of bolometer with metaliEed-glass tube. 


PIB bolometer is as good as that achieved mth thermistors in 10-cm- 
band coaxial-line mounts, or better. The calibration is stable, the over- 
load characteristics are good, and the detector sensitivity is excellent 
for medium-level power measurements. 

The Pyrex tube, drawn from standard 6-mm tubing, has an OD of 
0.017 in. and a wall thickness of only 0.003 in. The exposed length 
of film is 0.7 cm. The heat capacity of the glass is small and the thermal 
lag of the element is not objectionable. For instance, with the 0.1- or 
0.2-watt elements, less than 5 sec are required for a direct-reading bridge 
to reach final deflection, after application of the microwave power. 
The tube is metalized by baking a thin film of Hanovia No. 670 solution 
on the outer surface. 

The procedures used for impedance-matching the element are of 
particular interest. The input impedance to an attenuating section 
of line at a point I cm distant from the short circuit which terminates it 
is given by 

7 _ ^ sinh al • cos -f j cosh al • sin fil 
* ® cosh al • cos pi + j sinh al • sin pi ^ 


* S. A. Johnson, Metallized-Glass Bolometers, NDRC Report 14-524, Poly- 
technic Institute of Brooklyn, Oct. 31, 1945. 
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The input impedance for series-transformer matching should be real. 
Since there are only series losses in this bolometer design ((? = 0), 
the condition that of Eq. (87) be real is that 


where, 


/3 sin 2/31 = a sinh 2al, 
a = r V 2 \/«^^ + <r — 2, 


( 88 ) 


/3 = ^ V2 + <r -h 2, 


2irZo KZa 

Zo = 60 In ~ 

(12 

The diameter ratio of the conductors is dx/d 2 and r is the resistance per 
unit length of line. 



Fiq. 3-65. — Length of short-circuited re- Fig. 3-66.— Input impedance to a short- 

sistive line section to give a real input im- circuited resistive line section at \ =10 cm. 
pedance. The length of line is specified by Fig. 3*65. 


If values are assigned to X, r, and Zo, a value for L, the length of 
line required to give a real input impedance, may be determined. Figure 
3-65 shows a graph of L as a function of <r for X = 10 cm. In Fig. 3'66 
there are shown the corresponding values of Ri, the input resistance as 
computed from Eq. (87), together with values of the total d-c resistance 
Rde of the length L of resistive center conductor. It is understood that 
data from Fig. 3-66 apply only when L is chosen from Fig. 3-65. 
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A value of L = 0.7 cm was chosen since this gives a value of /Z< which 
is practically independent of small changes in Rdc (or r). Consequently, 
the mount impedance can be expected to be relatively independent of 
the power level measured with a direct-reading bridge. If the tube 
diameter is chosen as 0.017 in., thereby making Zq equal to 208 ohms, 
the other design data may be taken from the curves as follows: 

a = 3.73, Ri = 363 ohms 

r = 486 ohms/cm, Rdc = 341 ohms 

In order to obtain the desired bandwidth, a pair of X/4 transformer 
sections is used to match the element to the 50-ohm line with which the 
bolometer mount is used. The transformers are deliberately designed 

so that at the midband wavelength 
the input impedance of the mount 
is somewhat greater than that re- 
quired for match, with the result 
that the reflections are reduced at 
the edges of the band. Figure 3-67 
shows a comparison of the com- 
puted and measured values of the 
reflection coefficient for a typical 
bolometer. 

Rose’s metal is used for solder- 
ing the bolometer element to the end 
cap of the mount and to the copper- 
wire transformer section. Thus 
element replacement is not so simple as for a barretter or thermistor. 
After installation, the film is seasoned by passing 40 ma through it for 30 
sec. After this treatment, the cold resistance of the film at 25°C is 
approximately 330 ohms. 

The 0.1-watt (nominal rating) element burns out at approximately 
0.8 watt, but power levels greater than 0.3 watt can effect a permanent 
change in the cold resistance. The detector sensitivity is approximately 
220 ohms per watt. 

The 0.1-watt bolometer is conveniently used in a direct-reading 
bridge having the resistances of all arms equal to 330 ohms, 20-ma bridge 
current (or 10-ma bolometer bias), and a 0-200-A£a, 360-ohm bridge meter. 
Under these conditions the bridge sensitivity will be roughly 0.1 watt 
for full-scale deflection. No attempts have been made to introduce drift 
and sensitivity compensation in the bridge, but the methods discussed 
in the sections on thermistor bridges are in general applicable. 

The PIB bolometer has been particularly useful in making laboratory 
measurements on the output power of the 10-cm-band local-oscillator 
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Fio. 3*67. — Calculated and measured 
VSWR-X curves for metalized-glass bolom- 
eter. The wavelength scale is in 
centimeters. 
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tubes. The detector sensitivity and 0.3-watt safe power dissipation 
place it in exactly the required range. When barretters or thermistors 
are used for this application, calibrated attenuators are required to 
reduce the power level to the range in which these bolometers operate. 
Further, the problem of zero drift in bridge operation is less troublesome 
if the power can be measured at a 0.1-watt rather than at a 0.001-watt 
level. 

3*30. Thermocouple Power Detectors. — Relatively little use has been 
made of thermocouples as detectors in microwave power meavsurement, 
partly because of inherent limitations, but largely because the develop- 
ment of thermocouples specifically designed for microwave applications 
came too late in the progress of the war to attract great interest. Ther- 
mocouples may, however, assume increasing prominence in future micro- 
wave developments. 

The greatest advantage associated with the use of the thermocouple 
is the simplicity of the indicator circuit. In contrast to the current 
supply and numerous bridge components required by the thermistor 
and barretter, only a millivolt meter is required by the thermocouple. 
It may, however, have many disadvantages. Unless the thermocouple 
is used within a small fraction of the safe power range, the millivoltmeter 
calibration is apt to be objectionably nonlinear in microwave power, 
partly because radiation cooling at high temperatures is a more effective 
agent for heat dissipation than conduction or convection cooling at low 
temperatures. Also, since the internal resistance of the thermocouple 
varies with temperature (hence power level), the fraction of the thermal 
cmf which is lost as a voltage drop across the thermocouple varies with 
the power level. 

The sensitivity of the thermocouple is not comparable to that of a 
thermistor or barretter bridge unless an evacuated thermocouple capsule 
is used. Evacuated thermocouple capsules are not easily made as 
small as thermistor or barretter capsules; hence their use is limited to 
lO-cm band and longer wavelengths where waveguide and coaxial-line 
sizes are large enough for convenient mounting of the larger capsules. 
The more common directly heated thermocouples that use a pair of 
soldered or spot-welded wires have a d-c resistance of only a few ohms. 
Consequently, they are extremely difficult to broadband in a microwave 
mount, the characteristic impedance of which is much larger than the 
d-c resistance. Moreover, the wires used in construction are considerably 
larger in diameter than the skin depth at microwave frequencies. 
Whereas an extremely fine barretter wire can be made by etching Wollas- 
ton wire, it is not possible to fabricate a thermoj unction with wires of 
such small diameter. 

Many of these difficulties have been overcome in a series of thermo- 
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couples developed by the Bell Telephone Laboratories.^ There are 
three types of thermocouples — the familiar, direct-heated two-wire 
thermocouple, the carbon-bridge thermocouple, and the resistive-bead 
thermocouple. All are contained in low-loss glass capsules with lead 
wires that project from the ends of the capsules. The carbon-bridge 
type consists of a length of fine carbon filament secured across a short 
gap between the thermocouple wires. The hot junction comprises the 
bridge and the connections to the wires. By the proper choice of the 
length and diameter of the filament, resistances of over 100 ohms can 
be obtained without too great a sacrifice in ruggedness. A large fraction 
of the input power is absorbed in the small volume containing the hot 
junction, and the sensitivity is about twice that of a simple two-wire 
element. The bead thermocouple includes a tiny glass bead coated with 
a thin metallic film in which the two wires of the thermoelement ter- 
minate. Most of the thermocouple resistance is concentrated in the bead 
film. The construction is rugged, and the film is sufficiently thin to avoid 
variation of skin depth with frequency. 

One of the 100-ohm carbon-bridge thermocouples was calibrated at 
direct current and at 10 cm against a barretter. The two elements 
agreed within the experimental error of 2 to 3 per cent. No data of 
this sort are available for the bead thermocouple, although it seems 
reasonable that the agreement should also be good for this structure. 

The conditions limiting the maximum safe power dissipation in a 
thermocouple are of interest. The resistance of a continuously over- 
loaded thermocouple, immersed in air at atmospheric pressure, slowly 
increases because of oxidation of the wire. However, oxidation cannot 
occur if the capsule is evacuated, and slow sublimation of the wire sets 
the safe upper power limit in this case. An additional factor enters in 
the carbon-bridge thermocouple. An evacuated carbon-bridge thermo- 
couple loses sensitivity without suffering a resistance change, when 
overloaded. This is probably cajused by an outgassing of the carbon 
and a consequent pressure rise within the capsule. Unfortunately this 
occurs at a power level which is only a small fraction of that required 
for burnout. 

The characteristics of a number of the BTL microwave thermocouples 
are summarized in Table 311. The list is by no means complete, but 
is intended to be representative of what has been accomplished. Since 
research on thermocouples is still continuing at the Bell Telephone 
Laboratories, it can be expected that further improvements will appear. 

^ J. A. Becker and J. N. Shive, Thermocouples for Use as High Frequency Watt- 
meters,^^ BTL Report MM-43-110-4, Mar. 4, 1943. J. N. Shive, Temperature 
Coefficients of Sensitivity and Resistance, Overload and Burnout Data for Several 
Types of Ultra-high Frequency Thermocouples,^' BTL Report MM-43-1 10-18, June 
23, 1943. 
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TabIiB 3-11. — Summary of Data on a Variety op BTL Microwave Thermocouples 


Unit no. 

D-C resist- 
ance,* ohms 

Sensi- 
tivity, *t 

Max. safe 
input 

Type 

Environ- 


mv/mw 

power, mw. 


ment 

D-165747t 

5 

0.4 

50 

Direct-heated 

Air, atmos. 

1170TC-40I 

22 

8.9 

10 

Direct-heated 

press. 

Evacuated 

1170TC-72 

10 

0.25 

100 

Direct-heated 

Air, atmos. 

1170TC-125 

66 

0.38 

25 

Bead 

press. 

Air, atmos. 

1170TC-129 

42 

0,38 

25 

Bead 

press. 

Air, atmos. 

1170TC-130 

105 

0.40 

25 

Bead 

press. 

Air, atmos. 

1170TC-148 

120 

2.7 

25 

Carbon-bridge 

press. 

Evacuated 

1170TC-160 

24 

4 

10 

Bead 

Evacuated 

1170TC-166 

570 

2.5 

20 

Carbon-bridge 

Evacuated 

1170TC3-16!) 

350 

3.5 

20 

Carbon-bridge 

Evacuated 

1170TC-281 

17 

10 

10 

Direct-heated 

Evacuated 

n70TC-283 

38 

20 

5 

Direct-heated 

1 

Evacuated 


* Approximate values, since they vary with power level. 

t In some cases d-c data; in other cases low audio frequency. Microwave sensitivity may be several 
decibels lower in some models. 

X Commercially available from Western Electric Co. Thermocouple mounted in a standard inter- 
national silicon-crystal-rectifier cartridge. 

§ Can be made available in a glass capsule mechanically interchangeable with that of the D-163903 
bead thermistor. 

If a thermocouple of thermal emf E and internal resistance Rc is 
connected to a meter having full-scale current sensitivity J and coil 
resistance RMy the fraction n of full-scale deflection is given by 


” J{Rm + Rc) 


(89) 


From Eq. (89) it may be seen that if Rc « Rm^ the voltage sensitivity 
JRm of the meter is the important factor in determining sensitivity. 
Conversely, if Rm « R^ the current sensitivity J of the meter is the 
determining factor. The quantities J and Rm^ are not necessarily 
independent variables if the size and ruggedness of the meter are to be 
held constant. Likewise, E and Rc are not necessarily independent. 
That is, smaller-diameter wire in a direct-heated thermocouple will 
increase Rc and E for constant microwave power dissipation. The cali- 
bration linearity is better if Rc is small compared to Rmj since variations 
in Rc with microwave power level have a negligible effect on n. 

Early in the war the Bell Telephone Laboratories experimented 
briefly with 10-cm-band coaxial-line mounts for thermocouples, but 
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quickly abandoned the development in favor of bead-thermistor mounts. 
At that time the thermocouples available had many of the undesirable 
features discussed. A few tests were made at the Radiation Laboratory 
with thermocouples installed in thermistor mounts. A 38-ohm direct- 
heated thermocouple was installed in one of the 50-ohm, ^-in. coaxial-line 
thermistor mounts designed for 10-cm-band use. The voltage standing- 
wave ratio was objectionably large, although it was observed that the 
admittance at the taper tip was constant at 0.4 + 0.05 from 9.5 to 10.6 cm. 
Consequently, a change in the characteristic impedance of the line would 
result in a much better impedance match. A 200-ohm carbon-bridge 
thermocouple was installed in an 0-0 thermistor mount for the 3-cm band 
and, with an additional resonant iris, was matched to give a VSWR less 

than 1.5 over the 3.17- to 3.39-cm 
band. It was found, however, 
that the impedance match was 
very sensitive to microwave 
power level, and the effort was 
discontinued. 

The thermocouple dipole is an 
interesting adaptation of the 
thermocouple to microwave power 
measurement. The construction 
is best discussed l)y reference to 
Fig. 3*68, a photograph of the 
Philco design which was put into 
i.o. 3.68.-Photograph ol thermocouple production by the National Union 

Radio Corporation. 

The antenna is effectively a half-wavelength 10-cm-band dipole, the 
center of which is distorted into a long hairpin bend. The dipole is 
loaded by a thin, constantan wire which is arched across the gap at the 
center. To the center of this wire is spot-welded one end of a fine 
Chromel-P wire to form the hot junction of the thermocouple. The 
opposite end of the Chromel-P wire is tied to the top end of the vertical 
support rod, shown in the photograph. The thermocouple wires thus 
form a small T-structure with the curvature of the wires being of such 
nature that the T approximately fits the surface of a sphere of large 
diameter. 

The dipole extracts power from free space, and the thermocouple cur- 
rent can be used as a rough measure of the microwave field strength at 
the location of the dipole. Therefore, if the dipole is always located in a 
fixed position with respect to a radar antenna, it can be used as a con- 
tinuous monitor of the transmitter output power. The device is reason- 
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ably broadband, having an effective Q of approximately 10. The bulb 
surrounding the dipole is evacuated, and the time constant of the thermo- 
couple is 15 to 30 sec. The sensitivity is approximately 0.1 mv/mw of 
microwave power. In establishing this sensitivity value it is necessary 
to measure the power delivered to a matched-impedance load by another 
dipole of equivalent gain connected to a coaxial line. The dipoles are 
mounted in absorbing corner reflectors. 

Although specific mention has been made of constantan and Chromel 
P as the wires forming the thermojunction, it is of course possible to use 
other metal combinations. It is extremely important, however, to load 
the dipole with a wire having a very small temperature coefficient of 
resistance. The dipole is loaded in part by the resistive wire and in part 
by its own radiation resistance. In fact the equivalent circuit consists of 
a generator with an emf proportional to the electromagnetic field strength 
at the dipole which delivers current to a series combination of the load- 
wire resistance and the dipole radiation resistance. If the load-wire 
resistance is sensitive to the microwave power level, the power division 
between the two series loads will vary with the power level. This 
introduces a bad nonlinearity in the calibration curve of the dipole 
thermocouple. 

Prior to the development of the directional coupler it was planned to 
make extensive field use of the thermocouple dipole. The directional 
coupler, however, offered a much more convenient and accurate means of 
monitoring radar transmitter power, and interest in the thermocouple 
dipole subsided. 

3*31. The Use of Rectifiers for Power Indication. — Silicon crystals 
have been u.sed to a limited extent as diode rectifiers in low-level power 
measurement. Like thermocouples, they offer the advantage of an 
extremely simple indicator circuit. Crystals are readily available for 
numerous mixer and video-frecpiency applications. Further, crystal 
cartridges can be made small enough for easy installation in transmission 
lines for I -cm band and even shorter wavelengths. Unfortunately the 
disadvantages associated with crystal rectifiers greatly outnumber the 
advantages. 

The crystal is applicable only to relative power measurements since it 
is necessary to calibrate the rectifier and the d-c microammeter against 
an absolute standard such as a balanced thermistor or barretter bridge. 
This fact alone would not seriously limit the usefulness of the crystal 
if the calibration were permanent. It is well known, however, that the 
calibration of a crystal rectifier may change appreciably if the crystal is 
subjected to shock, vibration, or overload. Any action which changes 
the condition of contact of the ''cat whisker'' against the rectifier surface 
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will change the calibration of the crystal. Although this fault alone is 
sufficient to make the crystal inadequate in most power-measurement 
problems, there are other serious objections. 

At power levels of about 1 crystals are very closely square-law 
detectors, but at power levels of about 1 mw, crystal response may 
deviate widely from the desirable square-law condition. Crystals vary 
widely in this respect; some are much worse than others. Crystals are 
difficult to match over a broad band because the impedance scatter at a 
given power level is very large, and because the impedance of a given 
crystal is relatively sensitive to power level. Consequently, there is no 
hope of obtaining the bandwidths that are possible with untuned and 
fixed-tuned barretter or thermistor mounts. The sensitivity of crystals as 
rectifiers varies tremendously. For example, tests on a large number of 
new 1N21 crystals showed variations of 10 to 1 in crystal current for a 
given microwave power level and in a tunable mount that provided match- 
ing for all crystals. Moreover, the sensitivity of a crystal rectifier is 
temperature-dependent. Finally, crystals may be damaged easily or 
burned out by high pulse power, even though the average poWer level is 
low. The above comments apply particularly to the 1N21 and 1N23 
crystals. Little is known about the merits of the more recent welded- 
contact germanium crystals when used as rectifiers, but it is probable that 
they share at least some of the disadvantages common to the silicon type. 

The advantages of crystal rectifiers make them particularly desirable 
when the problem is one of power indication rather than of power measure- 
ment. They are used extensively with wavemeters, for example, where a 
change in crystal current is used to indicate a condition of resonance. 
They are also used extensively with echo boxes as crude indicators of 
power level. The only important disadvantage of a crystal used with an 
echo box for spectrum analysis is its deviation from a square-law response, 
which tends to distort the spectrum. The time-delayed rise and decay 
of power in a high-Q echo box gre&tly protect the crystal against pulse- 
power burnout, and further protection may be derived from shunting 
the meter with a capacitance to avoid large video-frequency back voltages 
on the crystal. Crystals are used as rectifiers in receivers, but in this 
application the microwave power level is so low that the crystals have 
practically a square-law response. 

Although no crystal mounts have been developed specifically for 
microwave power measurement, a variety of crystal mounts have been 
developed for general purposes.^ These mounts do not have the band- 
widths or low values of voltage standing-wave ratio that thermistor and 
barretter mounts possess unless 1 mw of power is incident on the crystal. 

Vacuum-tube diode rectifiers have shown more promise than crystals 

' See Vols. 15 and 16. 
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in microwave power measurements. Vacuum-tube diode rectifiers have 
more stable and less temperature-dependent calibrations than do crystals, 
and they can withstand greater overload abuse than crystals. 

The General Electric Company^ has used a modified GL-582 diode for 
monitoring the output power of a 10-cm-band signal generator. The 
diode is mounted with the cathode thimble in a waveguide, and the 
cathode-to-anode electron stream is used to excite an electromagnetic 
field in a waveguide-beyond-cutoff attenuator. The cathode of the 
diode is connected through an external resistor to a d-c meter and back to 
the tube shell. In order to complete the external d-c circuit between 
cathode and anode, a strip of Aquadag is painted on the glass cylinder of 
the tube between the anode and tube shell. The tube shell and cathode 
are insulated for direct current by an r-f bypass condenser built into the 
assembly. 

Power from a 446-B oscillator is delivered through a coaxial line to the 
diode. The center conductor of the line connects to the anode of the 
diode, and the length of transmission line is made adjustable for tuning 
purposes. The meter current is used as an indication of the strength of 
the field excited in the waveguide-beyond-cutoff tube. 

The GL-582 tube that was used in this design is no longer available. 
However, the 2B22 is mechanically and electrically equivalent to it 
except for the built-in cathode-to-shell bypass condenser. A suitable 
bypass condenser can be designed for the tube mounting. The GL-559 is 
the same as the 2B22 except for a larger diameter cathode structure. In 
addition, it is readily available. 

The Radiation Laboratory has developed a 10-cm-band r-f envelope 
viewer (see Chap. 7) which uses a GI^559 diode in a tunable cavity. It is 
possible to calibrate the output voltage of the viewer as a function of the 
microwave input pulse power and to use the viewer for relative power 
measurements. A typical calibration curve^ is shown in Fig. 7*33. 

The diode may be used over a tremendous power range — from 20 or 
30 mw to several hundred watts. The sensitivity of the diode as a power 
detector can be increased by the use of a larger load resistance, but this 
increases the rise time of the r-f envelope. The law of the diode is 
approximately 

V « (90) 

where V is the output voltage of diode working into a 300-ohm load, P is 
the input pulse power in watts, and k is a constant. Consequently, if the 
output voltage is expressed in terms of the microwave pulse voltage 

1 G. E. Catalog No. 6933931 02, “Standard Signal Generator, 8 to 12 cms.” 

• P. A. Cole, J. B. H. Kuper, and K. II. More, “Lighthouse R-f Envelope Indi- 
cator,^^ RL Report No. 542, Apr. 7, 1944. 
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delivered to a matched-impedance load, an approximately linear calibra- 
tion results. Equation (90) is not valid at low input power levels of 
30 mw or less because of the zero current that is derived from contact 
potentials and initial velocity of the electron emission from the cathode. 

The calibration of the diode is frequency-dependent because of 
changes in cavity coupling and changes in internal losses within the cavity 
and diode. The sensitivity of the diode is markedly dependent on the 
cathode emissivity, and the GL-559 diodes appear to vary considerably in 
this respect. The cavity is expensive and difficult to make and somewhat 
cumbersome to tune. The calibration is slightly temperature-dependent, 
and the zero current is an inconvenience at high sensitivities. For 
these and other reasons the cavity-mounted diode has not gained great 
popularity. 

MEASUREMENT OF fflGH POWER 

High-power measurements are concerned with average power levels 
of one to several hundred watts and with pulse power levels in the kilo- 
watt range. With the single exception of lamps, all the power detectors 
that have been discussed are obviously incapable of dissipating many 
watts of power. Even lamps are of questionable usefulness because of the 
objectionable physical size of a design that is capable of dissipating a 
hundred watts for a long period of time. Consequently, an entirely 
different approach to the problem is necessary at these power levels. 
Since appreciable heat is developed by the dissipation of watts of power, 
it is at once evident that calorimetric techniques should be useful. 

3-32. Water Loads. — The water load, most widely used detector for 
high-level microwave power, operates on a calorimetric principle. The 
power is totally absorbed in a matched-impedance section of transmission 
line that is wholly or partially filled with a flowing stream of water. The 
water itself di.ssipates all of the power, and the temperature rise in the 
stream is measured by calibrated thermocouples or thermistors. There 
are several procedures whereby the temperature rise may be related to the 
absolute microwave power level. 

The design of a water load is analogous to that of a mount for a low- 
level bolometer. The impedance-matching and bandwidth are the most 
essential objectives. Instead of the problem of a temperature-compen- 
sated bridge circuit, the water load introduces the problem of a stable 
fluid flow circuit. 

Since water is an ideal calorimetric fluid, it is fortunate that it also 
exhibits sufficient loss in the microwave region to make it an acceptable 
load material. Figure 3*69 shows a graph of the loss tangent^ (tan 6) of 

‘ The quantity, tan 6, is defined as the ratio e"/*', where the complex dielectric 
constant c is defined as (t' - Je"). Thus tan d represents the ratio of the loss current 
to the charging current. 
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water as a function of frequency. In the frequency range up to about 
10 Mc/sec, water shows the decreasing loss characteristic of a real 
conductivity. The space-charge polarization created by the unimpeded 
migration of charge carriers results in a frequency-independent conduc- 
tivity. This condition demands that the loss tangent vary inversely 
proportionally to frequency. In the frequency range above 10 Mc/sec, 
the dipole characteristic of water predominates, and the loss tangent rises 
toward a maximum value which at room temperature is located above 
30,000 Mc/sec. The dielectric constant of water is constant up to about 
500 Mc/sec and slowly decreases to about half its original value at the 
frequency where tan 5 is a maxi- 
mum. The dielectric constant, 
like the loss tangent, is tempera- 
ture-dependent. Approximate 
values of the dielectric constant, 
normalized with respect to the 
free-space value, are 86 at L5°C, 

76 at 25°C, and 57 at 85^C, at 3000 
Mc/sec. 

At wavelengths considerably 
longer than microwaves the water 
load becomes objectionably long 
and impractical. In this case it is 
possible to consider an oil suspen- 
sion of carbon particles as a substi- 
tute for the water, or it is possible 
to introduce an additional dissipa- 
tive agent, for example, a highly resistive section of transmission line, 
which is cooled by the water stream. 

3*33. The Design of Water Loads for Coaxial Lines. — In the design of 
water loads, attention must be given to several problems in addition to 
those of impedance-matching and bandwidth. As in a dry load, it is 
highly desirable that the power be dissipated uniformly along the length 
of the water column. If the input end of the water column carries the 
brunt of the power dissipation and if the temperature rise at that point is 
large, the resultant heat losses that occur prior to the thermometric 
measurement of the temperature rise can cause appreciable error in the 
power determination. Very large errors can result if the heat dissipation 
is so localized that superheating^ of the water and steam generation 
result. Even under the circumstance of uniform power dissipation, it is 
important to reduce conduction and radiation losses to the minimum. 

‘C. J. Calbick, ''Superheating of Water in Certain UHF Loads,’’ BTL Report 
MM-43-140-63, Nov. 26, 1943. 



10 ^ 10 ^ 10 ® 10 ® 10 ^ 10 ® 10 ® 10 ^® 
Frequency in cps 


Fig. 3 (H). — Loss tangent vs. frequency 
for di.stilled water. These data are taken 
from “Tables of Dielectric Materials/' Re- 
port V, NDHC 14-237, Laboratory for In- 
sulation Research, MIT, February, 1945. 
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The error caused by these losses is dependent on the method of calibra- 
tion of the water load (see Sec. 3-36), and on the flow rate of the water 
column. ‘‘Dead pockets should not exist in the flow stream between 
the thermocouple junctions, since such pockets usually suffer a high tem- 
perature rise and add to the undesirable heat losses. Microwave leakage 
from the water load can interfere greatly with other measurements that 
are being made in the vicinity of the load. The design of the load must 
be such that it will not arc at high pulse power levels. This is often a 
difficult design problem, and particularly so if the pulse power level is 
almost sufficient to cause arcing in the air-filled transmission line. 
Finally, the heat capacity of the load should be small so that a rise to the 
equilibrium temperature can be obtained quickly. 



A sketch of a 10-cm-band coaxial water load, perhaps the earliest, is 
shown in Fig. 3-70. A dielectric window has been cemented across the 
line to retain the water that is circulated through the terminal end of the 
coaxial container. The impedanoe-matching is effected with a pair of 
coaxial stub tuners. This design' has many of the faults that can be 
found with water loads. The heat capacity of the load is so large that it 
is difficult to follow changes in power level having a period less than one 
minute. Consequently, the use of the tuners is extremely tedious, and 
the impedance-matching operation may require 5 or 10 minutes. The 
tuners can be dissipative, particularly if they are so adjusted that the 
finger contacts rest at a current loop in the stub line. The heat dissipa- 
tion is nonuniform and is maximum at the input end. There is free heat 
interchange with the surroundings; dead pockets undoubtedly exist in the 
flow pattern. Arcing occurs at relatively low pulse power levels. This 
design furnishes a good example of how not to build a water load. 

The 10-cm-band coaxial water load shown in Fig. 3*71 is a consider- 
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ably improved design. The broadband right-angle stub serves not only 
as a support for the inner conductor, but also represents a convenient 
means for bringing the water into the load. The tapered inner conductor 
fits into a glass tube, and is slotted to permit the water to flow from the 
interior into the glass tube, and thence out of the load. The taper 
serves several useful functions. When made sufficiently long, at least 
one wavelength, it is effective as a broadband impedance-matching 
transformer. It tends to distribute the power dissipation uniformly 
along the length of the exposed water column, and also to prevent arcing 
at operating pulse power levels since there are no sudden discontinuities in 
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Fig. 3-71. — Improved lO-em-hand coaxial water load. 


the line. In this design the taper must be long enough so that the attenu- 
ation of the water column over the length of the taper is sufficient to 
absorb the reflections from the open circuit at the end of the taper. 
The construction is also good from a calorimetric point of view since the 
heated water stream is confined primarily by glass of low thermal con- 
ductivity. The metal conduction losses Avould be increased if the water 
stream were directed opposite to the preferred direction shown by the 
arrows in Fig. 3*71. 

A modification of the design shown in Fig. 3*71 allows the coned tip of 
the inner conductor to continue as a constant-Zo line to the end of the 
load. The intake and exhaust for the water stream can then be located 
together at the terminal end of the load, and there is no need to introduce 
the water stream through a stub line. It is probably a more convenient 
design to build and to use, but the opportunity for metal conduction losses 
along the length of inner conductor is increased. Either type of load 


MICROWAVE POWER MEASUREMENTS 


198 


[Sec. 3-33 


is well matched; for example, it is possible to meet a specification of 
VSWR < 1.05 from 9 to 11 cm. 

At wavelengths considerably longer than those of the 10-cm band the 
taper length of the Fig. 3*71 design becomes objectionably long. For 
longer wavelengths it may be advisable to use step transformers for 
impedance matching. The Bell Telephone Laboratories have designed a 
30-cm water load^ which is similar to that shown in Fig. 3*70 except that 
the pair of tuning stubs and dielectric window are replaced by a Micalex 
or an F66 steatite X/4 transformer section. The steatite is the prefera- 



Fiq. 3-72. — Water load for 1(K)() to 3000 Mc/sec developed bj' Radio i^esearch Laboratory. 


ble material from a machining viewpoint, and can be readily secured in the 
line with rubber cement. The VSWR of the load is less than 1.10 from 
1040 to 1120 Mc/sec. In the design of quarter-wavelength transformer 
sections, it is desirable to select a material with a dielectric constant 
approximately 9, the geometric mean of the values for the air-filled and 
water-filled lines. Since numerous factors must be considered, for exam- 
ple, low attenuation constant, proper expansion coefficient and machine- 
ability, it may be necessary to select a somewhat smaller value of 
dielectric constant. An inner- or outer-conductor metal sleeve must be 
used with the plug in order to get the proper characteristic impedance in 
the transformer section. 

The Radio Research Laboratory of Harvard University has developed 
a coaxial water load and associated closed-flow system^ that can be used 
over the entire 1000- to 3000-Mc/sec band. The load is built in iVin*, 
50-ohm coaxial line with a 0.50-in. Chromax wire as the inner conductor. 
The water column need be only 9 in. long; the attenuation per wavelength 
in water at these frequencies is small, but the high dielectric constant 
of water effectively crowds many wavelengths within the specified 
physical length. The outer conductor is tapered into the inner conductor 
at the terminal end of the load in order to distribute the losses more 

^ R. C. Shaw and \V. F. Bodtman, ** Water-Cooled Ix)ad and Power Measuring 
Apparatus for Microwave Transmitters,^' BTL Report MM-42-160-141, Nov. 25, 
1942. R. J. Kircher, BTL Report MM-32-160-187, Nov. 5, 1943. (Both reports 
have same title.) 

*W. R. Rambo, “An R^F Wattmeter for the 1000mc-3000mc Range," RRL 
Report 411-209, June 22, 1945. 
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uniformly along the length of water column. The water column is con- 
fined in the line by a pair of fired Ti 02 tapers, installed with their bases 
together (see Fig. 3*72). The input taper used for impedance matching, 
is an exponential taper of 6-in. length. It proceeds from the inner to the 
outer conductor, where it is joined at the base with a shorter taper 
that noses into the water column. The shorter taper compensates for the 
variation of the dielectric constant of water with temperature, and thereby 
avoids dependence of the impedance match on power level and ambient 
temperature. The maximum VSWR of the load is 2 over the specified 
frequency range, and the average VSWR is 1.5. The maximum safe 
average power dissipation is 150 watts; no information is available on the 
maximum safe pulse-power rating. 

3*34. Water Loads for Waveguide. — There is more latitude for 
ingenuity in the design of waveguide water loads, and a wider variety of 



designs exists. An early Metropol- Vickers (British) 10-cm-band water 
load utilizes a pressure-molded polystyrene chamber which slips into a 
section of brass wavegTiide. The front end is wedge-tapered, from broad 
side to broad side of waveguide, for impedance matching. A dielectric 
partition along the axis of the waveguide divides the chamber into two 
sections, each with an approximately square cross section. The water 
stream is introduced at the rear end of the load, flows forward along one 
side of the partition, and returns along the other side. Except for the 
volume occupied by the thin-walled chamber and its partition, the wave- 
guide section is completely filled with water. Polystrene has both low 
loss and low thermal conductivity, which make it a desirable dielectric for 
the application. The most important objections to the design are that 
arcing can readily occur at the leading edge of the taper, and that a 
stagnant, overheated pocket of water lies in the wedge tip behind the 
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leading edge of the taper. Increasing the taper length reduces the arcing, 
but increases the trouble from the water pocket. The 3-cm- and 10-cm- 
band waveguide water loads used in the Radiation Laboratory were 
designed as shown in Fig. 3*73. Rather than filling the entire waveguide 
section with water, the water is passed through a low-loss glass tube that 
slants across the waveguide from the center of one broad side to the center 
of the other. The combination of (1) slanting the tube, and (2) decreas- 
ing the bore toward the front end of the load provides both excellent 
impedance matching and reasonably uniform power dissipation along the 
length of the water column. The attenuation in the water column must 
be sufficient to absorb the reflections from the short circuit at the terminal 
end of the waveguide. An empirical approach is used to establish the 
optimum set of conditions on length, diameter, wall thickness, and taper- 
ing of the glass tube. The 10-cm-band and 3-cm-band loads both meet a 
maximum VSWR specification of 1.05 over the 9- to 11-cm and 3.13- to 
3.53-cm bands, respectively. The tube shape that meets this broadband 
VSWR specification introduces no arcing problem at the pulse power 
levels of the best magnetrons available in 1945. 

There is a practical restriction on the extent to which the bore of the 
tube may be tapered. If made too small, the flow through the tube may 
become turbulent at the flow rate required for the optimum temperature 
rise in the stream. In the 10-cm- and 3-cm-band designs the bore has 
not been reduced enough to get uniform power dissipation, and the front 
end of the water column develops somewhat more heat than the rear end. 
For this reason it is advisable to direct the water from the rear to the 
front of the load, since the hottest point in the stream should be closest to 
the hot thermojunction if heat losses occurring prior to the measurement 
of temperature rise are to be kept to a minimum. 

A somewhat different approach to the problem has been taken by 
TRE.^ They have designed a 10-cm-band water load, ^ Fig. 3*74, that relies 
on tapered waveguide dimensions Vather than on a slanting of the tube to 
dissipate the power more uniformly along the length of the water column. 
The tapering in the resonant dimension increases the waveguide wave- 
length and decreases the energy velocity near the apex of the pyramid. 
This not only leads to more uniform power dissipation, but the effective 
electrical length of the pyramid is less than that of a waveguide of uniform 
cross section of the same physical length. It is believed that this accounts 
for the broadband properties of the load. 

Two concentric glass tubes, supported by dielectric plates, carry the 
water into and out of the chamber. A capacitive iris is used for imped- 

* Telecommunications Research Establishment, Malvern, Eng. 

* Power Measurement on 9 cm.,^' TRE Report No. G. 10/R 139/43, May 27, 
1943. 
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ance-matching. Over an 8 per cent wavelength band the VSWR of the 
load is below 1.06. The load is recommended for use in the power range 
of 10 to 200 watts, average. The maximum safe pulse power rating is not 
available, but it is likely that arcing will occur at the iris if the pulse power 
level is high enough. At a flow rate of 5 cc/sec, and at an average power 
level of 100 watts, a steady-state temperature rise is reached in 10 to 15 sec. 
This figure is comparable with that for the slanted-tube design. 

Another TRE water load, designed for 3-cm-band use, employs a hard 
silica-glass tube that is bent in the shape of a long hairpin. The plane of 



the hairpin parallels that of a narrow side of the waveguide, and lies near 
a side of the waveguide rather than at the center. Thin-walled, i-in. 
tubing is a desirable size for 1- by ^-in. waveguide. In order to facilitate 
impedance matching the bend of the hairpin should be brought to a long, 
reasonably sharp point, rather than being smoothly rounded. The 
design has a VSWR less than 1.05 for a ±4 per cent bandwidth. In 
3-cm-band and smaller waveguides it is possible to support such a tube 
from the short-circuited end of the waveguide; at the 10-cm-band it would 
be necessary to support the longer tube mth dielectric vanes that would 
probably decrease the bandwidth of the load. The hairpin is placed off 
center to get greater bandwidth, just as waveguide fixed-attenuator plates 
are positioned off center. 

The Bell Telephone Laboratories have developed several slanted-tube 
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water loads;^*^ the most interesting of these^ is shown in Fig. 3-75. The 
glass flow tube is introduced through a channel and a slot cut in the bot- 
tom side of the waveguide. The channel is tapered so that it becomes 
shallower and broader toward the rear end of the load; the width of the 
slot increases with that of the wedge-shaped channel. The tube may also 
be tapered to a larger diameter toward the rear of the load. The con- 
struction represents an excellent means of bringing the tube into the 
waveguide without introducing reflections. The very small slot reflec- 
tions are effectively canceled by placing their equivalent reflection X^/4 
from the waveguide connection, which has a reflection coefficient of 



Fig. 3-75. — BTL 3-rm-band water load. 


approximately the same amplitude. It is thereby possible to maintain 
the VSWR of the load below 1.02 over a 15 per cent band. 

The load can be regarded as a matching section in which the water 
colunm is gradually exposed to the microwave field, and an attenuating 
section in which the water column is fully exposed to the field. The 
break comes approximately where the channel has a square cross section, 
or about one third of the distance from the front end of the channel to the 
rear of the load. Consequently, a shallower channel taper does not add 
proportionately to the total length of the load, and it is wise to make the 
taper a very gradual one. 

The attenuation of the water column is approximately 1 db/cm, using 
702P Nonex glass of 0.145 in. ID and normal wall thickness. Increasing 
the wall thickness increases the attenuation rate. The attenuation con- 
stant is roughly proportional to frequency. The total attenuation should 
be approximately 30 db to realize the low VSWR value quoted above. 

The Westinghouse Electric Corporation has developed a useful 3-cm- 

^ N. Wax, ‘*A Wide Range X-band Load,*' BIT Report MM-43-140-50, Nov. 5, 
1943. 

*C. J. Calbick, '‘Broadband UHF Calorimetric Load,’* BTL Report MM-44- 
140-76, Dec. 29, 1944. 
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band water load of extremely simple construction.^ A short length of 
Pyrex tubing, i in. OD and 0.93 mm capillary bore, extends across the 
waveguide through two directly opposite holes that are centered in the 
broad sides of the waveguide. An adjustable end-plunger provides an 
approximate impedance match ; additional tuning screws are required for 
an exact match. The compensating advantage is that the response of the 
load is extremely fast because (1) only a few hundredths of a cubic 
centimeter of water are contained within the waveguide, and (2) the 



thick-walled Pyrex tube has excellent heat insulating properties. In fact, 
the thermal time constant of the load is smaller than the time constant of 
the galvanometer used with its thermocouple. The thermocouple junc- 
tions are installed in rubber tubing at each end of the Pyrex tube. 

The first Radiation Laboratory models of 1-cm-band water loads were 
patterned after the slanting-tube 10-cm- and 3-cm-band designs and the 
capillary-tube design. Because of the difficulty of scaling down the glass 
tube diameter proportionately with the decrease in waveguide dimensions, 
the design is much less satisfactory at 1-cm band than at longer wave- 
lengths. A new design of water load,^ based on the principle of the 
branched-guide directional coupler, subsequently replaced them. The 
details of this design are shown in Fig. 3-76. 

'R. J. Schneeberger, "‘Capillary Tube Waveguide Power Measurer for Use at 
3.20 cm,’’ Westiiighouse Research Report SR-142, Oct. 5, 1942. 

*R. M. Walker, “K-Baiid High-Power Water Load,” RL Report 723, May 10, 
1945. 
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The glass-enclosed water column is contained in an auxiliary wave- 
guide section that is coupled to the main waveguide by a linear array of 
14 rectangular branches. The spacing and length y of the coupling 
branches are both chosen to be X/4, with proper corrections for junction 
effects. These conditions (see Chap. 14) are optimum for impedance 
matching. If the wide dimensions of the main and auxiliary waveguides 
are the same but the narrow dimensions are Ia and bs respectively, the 
percentage of the incident power coupled out per branch, P, is 


P = 


+ *^bj})B 


(91) 


where a is the narrow dimension of the rectangular cross section of the 
coupling slots; a = 0.061 in., and it is assumed that the impedance looking 
either way from a point in the auxiliary waveguide is a match. Equation 
(91) suggests that the power coupled out per branch can be maintained 
constant by varying the dimension hs, that is, by sloping the wall opposite 
the branches in the main waveguide. A linear slope approximately 
meets this condition — each branch coupling out 7.1 per cent of the total 
power to be absorbed. 

Since the main line contains no dielectric or dissipative materials, the 
load should stand pulse power levels almost as high as those required for 
arcing in a uniform section of waveguide. No arcing was observed at a 
pulse power of 120 kw, the maximum available at the time of test. The 
VSWR of the load is less than 1.10 over an 8 per cent band. 

A 16-junction copper-constantan thermopile and a heater wire for 
calibration are built into the load. They are mounted in a Incite block 
which provides good electrical and thermal insulation. Using a nominal 
flow rate of 3 cc/sec, a thermopile current of 60 /xa with a 10-ohm meter 
results, for 20 watts average input power. The thermal time constant of 
the load is slightly less than one minute. The design has considerably less 
microwave leakage than many water loads because of the long length of 
water column that is enclosed by the metal shield around the load. 

3-36. Flow Systems* for Water Loads. — Flow systems of two kinds, 
open and closed, are used with water loads. In the open-flow system an 
elevated, continuously overflowing tank is used to maintain a constant 
pressure head on the stream flowing through the water load. In the 
closed-flow system the water is constantly recirculated through the load 
by means of a metering pump. Each method has its protagonists, and 
each has its advantages. 

Discussion of the design objectives and design details of the two flow 
systems must be preceded by a discussion of the several methods of 
calibration used for water loads. The first of these involves a calculation 
of the microwave (average) power level from the formula 

P « 4.187nc, AT watts, 


(92) 
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where m is the speed of water flow (in g/sec) through the load, Cp is the 
specific heat of water (in cal/g°C), and AT is the temperature rise (in °C) 
due to absorbed microwave power. A thermopile is commonly used to 
measure the temperature rise, and a flowmeter or stop watch and a con- 
tainer of known volume is used to determine the flow rate. In addition 
to the errors inherent in the flow-rate and temperature-rise measurements, 
a calculation of P from Eq. (92) neglects any heat exchange that may 
occur between the water column and its environment throughout the 
length of flow line between the hot and cold junctions of the thermopile. 
This neglect may or may not be serious, depending on the construction of 
the specific water load. The thermopile is calibrated against a precision 
mercury thermometer by placing the cold-junction pairs in one water bath 
and the hot-j unction pairs in another of somewhat higher temperature. 
The baths are well agitated, and care is taken that the junctions reach 
equilibrium temperatures at the time the galvanometer deflection is noted. 

A second method of calibration involves the use of a heater coil which 
is installed in the flow stream immediately ahead of the water load and 
between the hot and cold thermopile junctions. Sixty-cycle power is 
applied to the heater coil through an accurate a-c wattmeter, and a Variac 
auto-transformer is used to adjust the power level. With an additional 
decade-box control of the thermopile meter sensitivity, it is possible to 
adjust the full-scale galvanometer deflection to correspond to any desired 
power level. The method avoids the necessity of calibrating the thermo- 
pile against a thermometer and avoids any measurement of flow rate. 
However, it is assumed that the flow rate is the same for the microwave 
power measurement as for the heater coil calibration. If the microwave 
power dissipation is reasonably uniform along the length of the water 
column exposed to the high-frequency fields, the problem of heat exchange 
with the environment is effectively solved. The heat exchange will be 
reasonably independent of whether the water column is heated by micro- 
wave or a-c power dissipation. This docs not hold, however, if the power 
dissipation is badly nonuniform, and particularly if hot pockets exist in 
the flow stream near the input end of the load. 

The heater-coil principle of calibration is most effective if the heater 
coil and thermojunctions can be built into the load as has been done in the 
1-cm-band water load shown in Fig. 3-7G. Accuracy is lost if the heater 
coil is located outside the load and heat exchange is possible in the length 
of flow line between the heater and the section of tubing exposed to the 
microwave fields. In such a case it is advisable to use the following 
modification of the heater-coil principle. 

If the thermojunctions are not designed into the load, as shown in 
Fig. 3-76, it is customary to install them in a separate two-tube block 
that is mounted directly on the water load. The interior of the block 
can be the same as that portion of Fig, 3*76 concerned with the details 
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of the thermoj unction installation in the Incite block. The flow of water 
is then directed through one tube of the block, through the water oad, 
and back through the other tube of the block. The block can be removed 
from the water load and a thermally shielded, glass-enclosed heater coil 
substituted in the flow circuit for the water load. If the flow rate and 
a-c power are known, Eq. (92) can be solved for A7\ This method offers a 
means of calibrating the thermopile without having to remove the junc- 
tions for immersion in water baths. The microwave power calculation 
may be based on Eq. (92), or the heat exchange may be assumed to be the 
same for the water load as for the calibration tube, in which case the 
second calibration method may be followed. 

Such a calibration tube can be easily made by inserting a spiral 
nichrome coil into a glass U-tube and soldering or spot-welding the ends 
of the tube to heavy copper lead wires which are heat-sealed in the sides 
of the U-tube. The tube is placed in a cylindrical box stuffed with cot- 
ton, glass wool, or any material of low thermal conductivity and low heat 
capacity. Bakelite ends complete the box. 

There is a third method of using a heater coil that is placed in series 
with the water load in the flow stream. Two identical thermocouples 
are used, one with junctions on each side of the heater coil, and one with 
junctions on each side of the water load. Alternatively, the thermal 
emf's of the two thermocouples may be placed in opposition across the 
terminals of a galvonometer, or the thermocouples may be used as two of 
the arms in a balanced-bridge circuit. In either case the a-c power is 
adjusted to restore balance after the microwave power dissipation in the 
load has caused a deflection. The microwave power level can be read 
directly from the a-c wattmeter, and the measurement is independent of 
flow rate. The null indicator, however, must be very sensitive for 
accuracy, and it is advisable to use a d-c photocell amplifier. 

The problem of heat exchange between the exposed column of water 
and its environment deserves further discussion. If the water load is in 
thermal equilibrium with its environment at the existing ambient-tem- 
perature level, and if the water stream brought into the load is colder than 
ambient temperature, the water picks up heat between the two points of 
measurement (hot and cold junctions). Consequently, the thermopile 
meter will deflect despite the absence of microwave power dissipation. 
The effect is similar if the input stream is above the ambient-temperature 
level. When the load is absorbing power it would be ideal to have the 
input water stream as much below the ambient-temperature level as the 
exhaust stream is above it. The net heat exchange between the two 
points of measurement should then be zero. However, this is obviously 
impractical since the temperature of the input stream would have to be 
adjusted as a function of the microwave average power level. The best 



Sec. 3*36] 


FWW SYSTEMS FOR WATER LOADS 


207 


compromise would involve bringing the water stream to ambient tem- 
perature level before directing it into the load. For this reason many 
water loads have several turns of copper tubing wrapped around them 
through which the water must flow before entering the load. 

The flow rate should be adjusted so that the temperature rise in the 
stream is no more than a few degrees. The heat exchange by radiation is 
entirely negligible, and heat exchange by conduction is made less serious. 
The rate of heat loss by conduction, A, can be expressed in terms of the 
temperature rise AT in the stream by the equation 



where A7V2 is the average temperature rise, and ki is the proportionality 
constant. It is also apparent that if AT is small, it varies directly with 
the microwave power level P, and inversely with the flow rate V ; thus, 


AT = 


P 


(94) 


From Eqs. (93) and (94) it is shown that 

h_ 

P F‘ 


(95) 


Therefore, the ratio of the rates of heat loss to heat generation can be 
reduced by increasing the flow rate. Other advantages accrue if the 
flow rate is fast and the temperature rise small. The thermal time con- 
stant of the load is reduced and the thermocouple meter is linear in power. 
The loss in sensitivity can be compensated by increasing the number of 
junction pairs in the thermopile and by using a more sensitive meter. 

A number of design factors for flow systems must be considered. 
The flow rate should be adjustable over a 10-to-l range so that, regardless 
of the microwave power level, the temperature rise in the load can be held 
within a desirable range. It must be large enough to be measured with 
accuracy, but not so large that the heat-exchange error is troublesome. 
The flow rate must be stable over long periods of time. A flowmeter giv- 
ing results as accurate as the procedure of clocking a known volume or 
weight of the water has not been found. This procedure however, takes 
time and gives only an average value of flow rate. As previously men- 
tioned, the water stream should be brought to room temperature before 
being directed into the load. A properly designed flow system can facili- 
tate this. It is very important that the flow syst-^^m contain some means 
of removing the air from the water stream. As the water is warmed the 
dissolved gas emerges in tiny bubbles. These bubbles cling to the sides 
of the flow line, increase the flow resistance, and thereby change the flow 
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rate in a constant-pressure flow system. If carried along by the water 
stream the bubbles effectively change the specific heat of the water 
[see Eq. (92)] and introduce error in the power calculation. If the situa- 
tion is unusually bad, the flowmeter and the load itself can become clogged 
by gas bubbles. 

Aside from the general considerations just discussed, there are few 
fixed rules that must be followed in the design of a flow system. Almost 
every experimenter in the field of high-power measurements has con- 
structed a flow system, and has arranged it to meet his individual needs 
and desires. The details of one open and one closed system that have 
been used in the Radiation Laboratory will be discussed. These may be 
considered as representative of the construction of the two types. 

The open-flow system is the simpler to assemble. An elevated tank, 
near ceiling level, is filled directly from the water main. The flow into the 
tank is adjusted so that there is always a slight overflow, thereby main- 
taining a constant pressure head on the flow line. The water passes 
through a long length of pipe to help bring it to room temperature (or 
heater coils may be used) and then flows through a bubble trap. • The trap 
consists of a glass standoipe with input and exhaust lines at the base. A 
stopcock at the top facilitates periodic release of the gas trapped in the 
standpipe. Following the bubble trap is a flowmeter, preferably one of 
the Fischer and Porter rotameters. If the rotameter is not of the Stable- 
Vis type the calibration is temperature-dependent, and a thermometer 
must be inserted in the line immediately ahead of the rotameter. It 
frequently happens that algae collect in the glass rotameter tube, in 
which case it is necessary to clean it periodically w ith a w eak acetic acid 
solution followed by a rinse in mild soap suds. It is possible to get auto- 
matic timing for a flow-rate check on the rotameter calibration by using 
a 30-sec electric clock to actuate a relay which in turn shifts the w^ater 
jet into a special measuring sump for the 30-sec period. From the flow- 
meter the water is directed through the thermopile block and water load, 
and is then exhausted into the sewer. 

The more complicated closed-flow system is diagrammed in Fig. 3*77. 
The flow^ through the system is maintained by a positive metering pump A 
of the gear type. For constant drive-shaft velocity the pump delivers a 
constant flow over a ^vide range of exhaust pressures. The pump is 
driven by an overpowered synchronous motor C, which operates through 
a gear box B. By changing the external gears and the internal reduction 
ratio of the gear box, it is possible to get six or more different flow^ rates. 
The total power required to operate the system is approximately ^ kw 
at 60 cps and 110 volts. 

The water flows from the pump through a safety valve D set for 
15 lb/in.2 As an extra . precaution a pressure switch E is included. 
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When the line pressure reaches 12 Ib/in.^, the switch actuates a relay 
which stops the motor C. The bubble trap F has a stopcock G in the line 
from the top of the trap. To remove the air collected in the trap, the 
motor is stopped, G is opened, the outlet H is closed off by folding the 
rubber tube back on itself, and the pump is started again. Water flows 
from the trap into the reservoir N, After the air is removed from the 
trap the motor is stopped before the stopcock is closed and the outlet 
line is opened. If a positive pressure is maintained on the intake side 
of the gear pump, very few bubbles will form in the water stream. 



Fio. 3*77. — Diagram of a closed-flow system for use with water loads. 


In a closed-flow system it is necessary to cool the water stream con- 
tinuously to remove the heat formed by power dissipation in the load. 
An ordinary refrigerator condenser coil J cooled by a fan K is effective 
for this purpose. The effectiveness of the arrangement is shown in the 
fact that the equilibrium temperature rise in the stream is only 3°C 
when the load is dissipating 1-kw average power at a flow rate of 17 
cc/sec. The flow line is broken at L to permit the occasional flow-rate 
measurements needed to check against wear in the pump gears. The 
water is introduced into the system at L. The reservoir capacity must 
be large enough to permit flow-rate measurements without draining 
the line. 

A booster pump M sucks the water from L and delivers it to the 
reservoir N, The pump consists of a pair of automobile fuel pumps 
operated in parallel to provide the capacity needed for the fast flow rates. 
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The booster pump is driven by a cam mounted on the drive shaft extend- 
ing from gear box B. Fuel pumps can work into any load pressure 
without producing damage, and without building up excessive pressures 
if the flow line becomes clogged. The pressure built up in the reservoir N 
forces the fuel pumps to deliver the same flow rate as the metering gear 
pump. The arrangement always maintains the desired positive intake 
pressure for the gear pump which is needed to avoid bubble formation in 
the stream. A pressure gauge Q is installed at the intake of the gear 
pump. 



Fig. 3-78. — Photograph of an assembled closed-flow system. 


It is important to install a filter P in the line ahead of the metering 
pump. Because of the minute clearances in the pump, a rust or grit 
particle can '‘freeze” the pump or cause enough wear to effect a flow-rate 
change. Since automobile oil filters were found to have too much flow 
resistance, a sp)ecial filter was developed. A fine-mesh filter cloth is 
stretched across a flat cylinder and is supported by a series of radial 
rod spokes. Without the supports, the cloth would stretch so much 
under pressure that it would lie against the bottom of the cylinder, and 
effectively reduce the filtering area. As the filter clogs, the gauge 
Q shows a pressure drop, and the filter cloth should be cleaned or 
replaced. 

If the critical parts of the gear pump are made of plain rather than 
stainless steel, the pump is subject to rusting. It has been found advisa- 
ble in this case to substitute for water a 3 per cent aqueous solution of a 
commercial rust inhibitor known as Rust Master. The solution has the 
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same specific heat as water, and is as effective as water in dissipating 
microwave power. 

Flow-rate variations in the closed-flow system are well under 1 per 
cent. As shown in Fig. 3*78, the whole flow system can be mounted on a 
base with rollers, and made readily portable. 

3‘36. Thermopiles for Water Loads. — The junctions of water-load 
thermopiles may either be immersed in the flow stream, or mounted on 
the outer surface of sections of the flow line. The immersion technique 
is more commonly used, although both methods are acceptable. Figure 
3*79 shows the construction of a thermopile block in which the junc- 
tions are immersed in the flow stream. 

Two parallel holes (channels) are drilled through a lucite or poly- 
styrene block — one channel carrying water to the load, and the other 



Fici. 3-79. — Water-load thermopile with junctions in the flow stream. 


carrying the exhaust stream. A series of closely spaced, tiny holes are 
drilled into each channel to permit insertion of the junctions. The 
thermopile junctions, with wires properly shellacked to avoid the short- 
circuiting of any of the junctions, are sealed into the holes with poly- 
styrene cement. The junctions project approximately to the center lines 
of the two channels. 

In forming the series of thermopile junctions it is convenient to use a 
winding jig. Such a jig consists of a metal or fiber rod with an H-shaped 
cross section, notched at regular intervals along its length. By staggering 
the notches on opposite sides of the rod, it is possible to wind a wire 
(or ribbon) along and around the rod. The notches hold it securely in 
place. Similarly, a second wire can be wound along the rod, starting 
from the opposite end of the rod. The two wires touch in a series of 
X-shaped crossings extending in lines along the centers of the top and 
bottom sides of the H. The wires are soldered or spot- welded at all 
crossings. It is particularly easy to spot-weld because one electrode 
can be slipped into the bar, under the crossings. After all crossings are 
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spot-welded, they are snipped at the weld points. Consequently there 
are formed two identical thermopiles of the sort shown in the mounting in 
Fig. 3-79. 

It is possible to construct the external-junction type of thermopile 
by a plating procedure.^ Two thin-walled copper or silver flow tubes are 
coated with a thin layer of a lacquer No. E. P. 216 Formulation R.S. 57C 
(Dow Chemical Company), are wrapped tightly with a 0.005-in. thick- 
ness of Cellophane, and are then given another thin coat of lacquer. 
The coated tubes are mounted parallel to each other by means of a pair 
of dielectric spacers. A 0.004-in. constantan wire is wrapped in screw- 
thread fashion around the tubes, with the help of a winding fixture that 
holds the assembly securely in a slow-speed lathe. Each turn of wire 
encloses both tubes. The assembly is then floated as a raft on the sur- 
face of a silver-plating bath, so that one-half of each turn of wire may 
be plated with 0.002 in. of silver. Consequently, along each flow tube 
there is formed a series of silver-constantan junctions. It is therefore as 
little trouble to prepare a one-hundred-junction-pair thermopile as to 
prepare one with ten junction pairs. The turns should be as closely 
spaced as is consistent with freedom from short circuits. The assembly 
is installed in a Bakelite cylinder stuffed with glass wool or cotton. 

In constructing any thermopile it is important to consider the magni- 
tude of the heat transfer from the hot to the cold stream, through the 
thermopile wires connecting the two streams. Such calculations are 
easily made, and are important. For example, it is easily shown that 
the heat transfer through a number of parallel fine wires can be many 
times that through the dielectric separating the water streams. The 
greater the number of junction pairs, the longer or finer must be the 
wires between junctions if the net heat transfer is to be the same. Conse- 
quently the internal resistance of a thermopile increases faster than 
linearly with the number of junction pairs, and sensitivity increases more 
slowly than linearly. 

The calibrations of thermopiles are remarkably stable. C'orrosion 
is often a cause of trouble in the designs that permit the junctions to 
enter the flow stream. The corrosion is apparently the result of slow 
oxidation of the metals, and ultimately causes the junction to open- 
circuit. However, it is seldom that the calibration of a thermopile 
changes appreciably when the corroded junction is resoldered. 

The Bell Telephone Laboratories have on occasion substituted ther- 
mistors for a thermopile. 2 One thermistor is installed in the input stream, 

^ Rita Hughes, ^‘Thermopile for Use with R-F Water Ivoads,’^ RL Group Report 
No. 55 1-10/26/45. 

* R. C. Shaw and W. F. Bodtman, “Water-cooled Ix)ad and Power Measuring 
Apparatus for Microwave Transmitters BTL MM-42-160-141, Nov. 25, 1942. 
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and a second in the exhaust stream. The two thermistors comprise 
two arms of a bridge circuit that can be made extremely sensitive. 

3*37. The Use of Power Dividers for High-power Mesaurements. — 

Whereas the water load has the unquestionable advantage of providing an 
absolute method of power measurement, the bulk and general incon- 
venience of its associated flow system relegate it primarily to use in the 
laboratory. Hence, considerable interest has been shown in alternative 
methods of high-power measurement, and particularly in those methods 
that are more adaptable to field usage, where simplicity in construction 
and operation, ruggedness, and portability are as important as accuracy. 

Low-power bolometer bridges, together with calibrated attenuators 
or power dividers are frequently used instead of water loads. Attenua- 
tors of the high-power transmission type are infrequently used because 
of the difficulty of making their calibrations independent of temperature 
or power level. Power dividers, which allow most of the power to be 
dissipated in a well-matched high-power load and a small fraction of it to 
be measured directly by the low-power equipment, are frequently 
used. The power division can be accomplished with a variety of instru- 
ments, for example, the single probe, the double probe, the directional 
coupler, and the adjustable power divider. 

The single probe may take the form of a capacitive probe, an inductive 
coupling loop, or a hole in the side of a waveguide. The coupling can 
he varied by rotating the loop or by adjusting the depth of insertion of 
the probe. The single-probe method of coupling demands that the 
transmission-line load be very well matched (for example, VSWR less 
than 1.02) in order to avoid objectionable error in the experimental 
determination of the coupling coefficient, and in order to avoid undue 
frequency sensitivity in the coupling. Even with a perfectly matched 
load the coupling can be expected to vary slowly with frequency. Fur- 
ther, the coupling must be loose enough (usually of the order of —30 db) 
so that the coupling element does not introduce appreciable reflections 
in the transmission line. Single-probe coupling is not recommended 
unless all power measurements are to be made at the calibration 
frequency. 

In double-probe coupling two identical single probes, spaced Xp/4 
apart, are used. This spacing greatly minimizes the error due to a 
mismatched line termination, and also effects a cancellation of the 
reflections from the two coupling elements. Each coupling element 
transmits power to a detector, with the two detector output voltages 
being combined in the indicator circuit. 

Directional couplers are discussed in Chap. 14. There are many 
types, and they can be designed for a wide range of coupling coeffi- 
cients. They are not adjustable in coupling, but it is possible to add a 
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calibrated low-power attenuator between the directional coupler and the 
bolometer mount. Directional couplers of certain types have very 
desirable broadband coupling characteristics, as well as sufficiently 
high directivity to make the coupling coefficient satisfactorily inde- 
pendent of the voltage standing-wave ratio of the line termination. 
Directional couplers are usually the preferred type of power divider for 
this application. 

The adjustable power divider (see Chap. 8, Vol. 9) involves a 
configuration of two ganged tuning stubs, an input line, and two output 
lines. Adjustment of the tuners varies the power division between the 
two loads; it is possible to direct any fraction of the input power into 
either of the loads. Through a proper choice of line lengths, the power 
divider may be designed so that, at the design frequency with both loads 
matched, the input impedance of the power divider will also be a match. 
Since both the calibration and the input impedance of the device are fre- 
quency-dependent, the power divider is of interest only if adjustable 
coupling at a given frequency is required. 

There are fewer sources of error in the water-load measurement 
than in the measurement made with a bolometer bridge and directional 
coupler. In the water-load measurement the chief sources of error are 
in the flow-rate determination and in the a-c calibration of the water 
load. In the bolometer measurement the errors in the calibration of the 
directional coupler, the accuracy of the bridge-arm resistors and meter 
in the bridge circuit, and the errors due to microwave and video-fre- 
quency leakage must be considered. Errors in the directional-coupler 
calibration are the most serious of these, particularly if the coupling 
coefficient is 30 db or greater. It is often preferable to sacrifice the 
possibility of making absolute power measurements with the bolometer- 
coupler combination, and to calibrate the directional coupler against 
the water load for relative power measurements. 

It is important to isolate the bolometer mount thermally from the 
high-power load on the main line of the directional coupler. The heat 
from the load can cause troublesome drift in the bridge balance. Sections 
of coaxial-line cable or metalized plastic waveguide are effective in 
minimizing heat transfer by conduction; inclosing the bolometer mount 
in a shiny metal box is effective in minimizing heat transfer by radiation. 

3*38. Gas Loads. — An interesting gas load for high-power measure- 
ment has been developed by the Radio Corporation of America.^ A 
cavity resonator filled with ammonia gas is used as the transmission-line 
load. In addition to dissipating the microwave power, the ammonia gas 
is used as the thermometric substance in a gas thermometer. A manom- 

‘ W. D. Hereberger, “Ammonia-filled Resonators for Power Measurement,’' R(’A 
Report PTRrlOC, 9/13/43. 
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eter tube containing colored kerosene is connected to the resonator 
chamber, and the temperature rise is calculated from the pressure differ- 
ential. Both tuned and untuned (multimode) resonators have been 
used. The tuned resonator has an adjustable end plunger, and a triple- 
screw tuner at its input end. Because of the low thermal capacity of 
the gas, the response of the thermometer is sufficiently rapid and the 
tuning adjustments present no problem. It is possible to base the power 
calculation on either the rate of temperature rise or the final equilib- 
rium temperature of the gas. 

The resonator is made of copper with an inner felt lining that increases 
the sensitivity of the thermometer at the expense of additional sluggish- 
ness in response. The heat dissipation is nonuniform throughout the 
resonator, and is a maximum at the center. The cooler ammonia layer 
near the copper wall limits the heat flow from the system more than the 
copper, since the thermal conductivity is relatively poor. The thin 
felt inner lining, together with an air blast against the outside of the 
resonator, prevents the copper losses from adding heat to the gas losses. 
Since the gas warms the felt appreciably, and since the several thermal 
capacities and the effect of convection currents are not well known, 
it is not possible to make accurate power calculations from data on the 
rate of pressure rise. It is therefore customary to calibrate the gas load 
against a bolometer or water load. A comparison of ammonia losses 
vs. copper losses may be obtained by a measurement of the change 
in input impedance when the ammonia is replaced by air. Both 3-cm- 
band and 1-cm-band gas loads have been used successfully by RCA. 

3*39. A Coaxial Wattmeter for Field Use. — A crude but useful 10-cm- 
band field wattmeter has been made from a |-in. coaxial dry load and 



Fig. 3-80. Dry calorimeter for liigh-power measurement. 


a Weston all-metal thermometer. The thermometer is of the coiled- 
V)imetal-strip type, with the strip housed near one end of a long metal 
tube which carries a dial indicator at its opposite end. The tube is 
inserted in the inner conductor of the load from the rear end of the load. 
The bimetallic element is thus located near the front end of the load 
where the temperature rise is a maximum. These construction features 
are shown in Fig. 3*80. 

The usual radiating fins arc removed from the load to increase its 
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sensitivity as a calorimeter. In use the calorimeter is placed on the 
end of the transmission line, the thermometer is read, and the power 
is applied. After an arbitrary one-minute interval the thermometer is 
read again. The temperature rise is proportional to the average power 
applied, with the proportionality constant being a function of the load 
and the material used in filling it. Each dry calorimeter is individually 
calibrated against a water load. 

The test interval must be short enough to avoid a large temperature 
rise; otherwise the linearity between power and temperature rise is lost. 
Too short a test interval, however, or too small a temperature rise 
obviously introduces appreciable measurement errors. Consequently, 
the best values of such variables as the test interval, the thermal capacity 
of the load, and the sensitivity of the thermometer should be chosen in 
order to obtain maximum accuracy for a given average power level. 
The calorimeter shown in Fig. 3*80 has a sensitivity of approximately 
2®F per watt of average power for a one-minute test interval. 

3*40. The Johnson Meter. — Another high-power wattmeter that 
has met with limited popularity is the Johnson meter.* It is a power 

3”x IVi' 
guide 




Fio. 3*81.— Construction of Johnson meter in 1 by 3-in. waveguide. 


monitor like the directional coupler and bolometer combination, since 
it requires only 1 per cent of the power rather than 100 per cent as do the 
water load, the gas load, or the dry load calorimeter. Figure 3*81 
shows the construction of a Johnson meter for use in a waveguide trans- 
mission line. 

A small section of the waveguide wall is removed and replaced with 
a section of high-resistance material, for example, a 0.015-in. sheet of 
constantan. It can be shown that, at magnetron power levels, enough 

‘ M. H. Johnson, ^‘Microwave Wattmeter,'^ RL Report 239, Nov. 18, 1942. 
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heat is dissipated in the constantan to produce appreciable temperature 
changes. Since the conductivity of the brass waveguide is greater than 
that of the constantan section, a temperature differential will be main- 
tained which can be used to give an indication of the power. A platinum 
resistance thermometer is used to measure this temperature differential; 
200 ohms of 0.002-in. platinum wire is wound on the constantan section, 
and another 200 ohms is wound on the waveguide. These two windings 
serve as two of the arms of a Wheatstone bridge, as shown in Fig. 3*82. 

The unbalance current in the bridge is directly proportional to the 
power in the transmission line to within a few per cent. The instrument 
may be calibrated against a water load, or by passing direct current or 


100 



The platinum arms are in a section of transmission line. 

The indicator has a shunt on some models 

Fig. 3-82. — -Diagram of the Johnsoii-meter bridge circuit. 


low-frequency alternating current through the constantan. Heating by 
low-frequency current can be used on the 3-cm-band meters, but con- 
structional details prevent its use on the 10-cm-band waveguide and 
coaxial-line meters. The coaxial meters are made in the same manner as 
the waveguide meters; that is, a thin sheet of constantan replaces the 
outer conductor and the platinum arm of the bridge is placed around it. 

The thermal capacity of the active element is made as small as possible 
in order to speed up the response, but usually one to three minutes are 
required to get an equilibrium reading. Theoretically the Johnson 
meter is compensated for ambient-temperature variations because the 
two platinum windings are on a section of the transmission line, and any 
change in ambient temperature should affect both coils to the same 
degree. In practice, however, it is found that the drift condition is 
bad if the meter is located near the magnetron or a dissipative load where 
severe thermal gradients exist along the length of the transmission line. 
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3*41. Neon Tubes as Power Indicators. — Several attempts have been 
made to use neon tubes and lamps for relative high-power measurements. 
A glass capillary filled with neon,^ inserted into a slot in a waveguide 
parallel to the axis of the waveguide, glows with an intensity dependent 
on the power level in the line. The intensity of the neon glow can be 
measured by a photocell. The chief trouble encountered is in obtaining 
properly reproducible neon tubes. A two-probe arrangement, with the 
energy coupled by the probes used to fire a pair of small neon bulbs, has 
also been tried. The probes are spaced X/4 apart, and a single photocell 
views both bulbs. The difficulty with this arrangement lies mainly in 

the sensitive dependence of the 
coupling coefficient on the depth 
of probe insertion. 

The British have also experi- 
mented with a double-probe neon- 
lamp arrangement, 2 as shown in 
Fig. 3-83. This device does not 
employ a photocell; the ionization 
current produced in lamps biased 
by a constant voltage and exposed 
to a high-frequency field is used as 
an indication of the power level. 
If a d-c voltage less than the d-c striking voltage is applied across the 
electrodes of the lamp, a current will flow. The d-c resistance of the lamp 
may be about 0.1 megohm, and the variation of this resistance with the 
microwave power level provides the desired indication. The lamps are 
adjusted to a standard power sensitivity and connected in parallel. Then 
the single meter reading gives the arithmetic mean response of the two 
lamps. Accuracies of ±3 per cent relative to a water load are claimed. 

It is of interest to investigate the accuracy obtainable with two neon 
lamps, rather than one, when the fransmission-line termination is mis- 
matched. The following development is not limited in application 
solely to neon lamps, but may be considered as a general comparison 
of the merits of single- and double-probe power taps. 

Consider a transmission line carrying an incident voltage wave of 
unit amplitude, and a reflected wave of amplitude B. The voltage v 
at any point I along the line is given by 

V = I + B B\n 2pl, 

1 J. M. Sturtevant, “Power Monitoring at 10 Cm,'" RL Group Report 82Iv-10, 
8/24/43. 

* “Power Measurement at 9 Cm,“ TRE Report No. G10/R139/43, May 27, 
1943. 



Fig. 3*83. — TRE neon-lamp arrangement for 
monitoring high power. 
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The maximum and minimum values of v are {\ + B) and (1 — J5), 
respectively, and the voltage standing-wave ratio r on the line is given by 

r = L+1 

1 - S' 

The product of the maximum and minimum values of v is the net power 
transfer along the line and is equal to 1 — S^. If it is assumed that the 
d-c ionization current in the lamp is directly proportional to the incident 
power (that is, the lamp is a square-law detector), the maximum and 
minimum current readings will lie between (1 + S)^ and (1 — By, 
The fractional error must then lie within the limits defined by 


(1 + B)^ - (1 - By 
"l - IP 


1 - B 


= r — 1, 


(1 - By - (1 - S 2 ) -2S 1 

1 - s- * 1 + s r 

Thus, fqr VSWR values of 1.1 or 1.2, errors of approximately ±10 per 
cent or ±20 per cent can occur. 

For two lamps, spaced Xy/4 apart, the line voltages at the positions 
of the lamps can be expressed as 

I’l = 1 -f- B sin 2/3/, 


i ’2 =1—7^ sin 2/3/. 

The mean reading from the two lamps is given by 

= 1 + sin- 2^1. 


The fractional error is given hy 

(1 + B'^ sin^ 2/3/) - {I ~ B'^) _ 
1 - B^ 


1 - B 


2 ( 1 + sin- 2/3/) 

(r - 1)'^ 


(1 + sin^ 2/3/). 


Thus the error, as a function of /, must lie between these limits: 

Ar • ('■ - 1)' 

Maximum error = _ 

2r 

Minimum error = - — , ^ • 

4r 
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For r = 1.1, the error lies between i per cent and i per cent. For r = 1.2, 
the error lies between per cent and per cent. This is obviously a 
big improvement over the single-probe power tap. 

Westinghouse Electric Corporation has also been interested in neon 
power indicators, and has developed a special neon tube* for the produc- 
tion-line bench-testing of magnetrons. The neon tubes are formed from 
one-foot lengths of 0.5-mm Pyrex tubing with a gas reservoir at one 
end and a tungsten electrode sealed into the other end. The conical 
tip of the electrode protrudes partially into the capillary and is needed 
to produce a potential gradient in the gas sufficient to start the discharge. 
A much smaller potential gradient can maintain it. The length of the 
gaseous discharge column measures the pulse power, since the ionization 
and deionization times of neon are presumably much less than the width of 
the pulse modulation envelope. 

The tube is installed normal to the broad side of a waveguide, and 
protrudes a small distance into the guide. It is possible to match the 
tube to a VSWR of 1.5 or better by use of an adjustable end plunger and 
by variation of the depth of insertion of the tube. A water load is used 
as a primary standard for calibration purposes. It has been found 
that many tubes are erratic in performance, and that it is difficult to 
reproduce them in quantity. 

By means of a rotating mirror, it is possible to observe the length 
of the discharge column for each individual pulse. It is thus possible to 
study whether the magnetron oscillates for each applied pulse, and the 
extent to which the output power varies with suc(‘pssive p\ilses. 

' R. J. Schnoeherger, “Neon Tube Power Indicator,” Westingliou.se Research 
Report SR- 156, Dec. 1, 1942. 
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By R. Beringeii, C. G. Montgomery, R. A. Howard, 

AND S. Katz 

A signal generator is ordinarily understood to be a source of electrical 
power of known intensity, frequency, and modulation character. It 
differs from an oscillator or generator in that the power level is known 
and controllable. These conventions will be adopted in the following 
discussion of microwave signal generators. 

The principal function of a microwave signal generator is to provide a 
signal of known character for the testing of receivers. As such receivers 
can differ greatly, and since the number of possible tests is unlimited, it 
is clear that there is no restriction on variety in signal-generator design. 
Signal generators may V)e designed to provide continuous-wave signals, 
short pulses of any shape, sinusoidal amplitude-or frequency-modulated 
signals, or even noise signals or noise-modulated signals; and all of these 
at any power level. In such a multitude of possibilities it is necessary 
to be arbitrary in the selection of topics and the way in which to treat 
them. The selection and presentation arc highly colored by the problems 
which were met at the Radiation Laboratory in the course of a restricted 
development program. Even with such a narrow range of interest, 
reservations and apologies must be made for many of the devices to be 
described since they do not fulfill even these restricted design considera- 
tions in many instances. 

To cite a single limitation, the microwave signal generators which 
have been developed at the Radiation Laboratory are usable over 
rather restricted frequency ranges, ±10 per cent at most. There are 
no microwave signal generators that can compare in versatility with 
their low-frequency analogues. The accuracy of microwave signal 
generators is generally inferior to that commonly achieved at radio 
frequencies. These and other difficulties are indications of the newness 
of the microwave arts. 

Receiver sensitivities are specified in terms of the smallest signal 
to which the receiver gives an unambiguous I’esponse; signals smaller 
than this limit are undetectable against the background of spontaneous 
fluctuations or electrical noise in the output voltage of the receiver, 
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For the best superheterodyne microwave receivers the noise background 
is of the order of 10“^® watt per cycle of receiver bandwidth when 
referred to the input terminals of the receiver. Hence, for such a receiver 
with a bandwidth of 10® cps, the ultimate sensitivity is about 10“^^ watt. 
The controlled production of these very small signal intensities is perhaps 
the principal difficulty in signal-generator design. It requires the 
ultimate in careful design and calibration. 

Specifically, there are two main classes of microwave signal generators : 
modulated or unmodulated continuous-wave signal generators and noise 
generators. The c-w signal generators involve a c-w oscillator, usually 
a velocity-modulation tube, an attenuating network, usually of variable 
insertion loss, a power monitor or absolute power meter, and often a 
frequency meter. These must be enclosed in a leak-proof box to which 
supply voltages are applied and out of which comes the signal. Since 
the oscillator level is 100 to 150 db above the required signal level, 
the shielding difficulties are considerable and have seldom been solved 
satisfactorily. In addition, the attenuators must be very carefully made 
since they are used to extrapolate the 70 to 120 db from the desired signal 
level to the power region where thermal elements can be used to measure 
the signal power in absolute units. These and other complications, 
especially the frequency sensitivity of the various components, make 
the design and calibration of such signal sources exceedingly difficult. 

Some of these problems are avoided by the use of microwave noise 
sources in those cases where a continuous-wave signal is not required. 
Some noise sources are easily constructed and satisfactorily rugged and 
stable. In addition, some noise sources are absolute in the sense that 
they emit microwave noise of an amount given by physical constants and 
measurable parameters. Since the sources of noise are frecpiently just 
those which limit the sensitivity of receivers, the magnitude of the noise 
power is already in the range required for receiver-.sensitivity measure- 
ments, and the sources need little or no shielding or attenuation. This 
may, however, be disadvantageous if larger intensities are recpiired. 

THE USE OF SIGNAL GENERATORS IN TESTING RECEIVERS 

4*1. Receiver Noise Figures. — If it is desired to find the ultimate 
sensitivity of a microwave receiver, a cursory glance at the many receiver 
components and the multitude of forms which each can take is sufficient to 
prove that it is not easy to define this sensitivity unambiguously, much 
less to analyze the contributions from the several parts and characteristics 
of the receiver. Every receiver component from the input terminals to 
the observer is important to the problem and each receiver is, so to 
speak, a special case. This difficulty in assigning a simple scientific 
meaning to the ultimate sensitivity of a receiver has led to the definition 
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and measurement of another and more exact quantity, the noise figure^ 
or noise factor of the receiver. This quantity provides a basis for 
comparing receivers and for the more complex study of the ultimate 
sensitivity of a particular receiver. A receiver which has no internal 
sources of noise is called a perfect receiver. The sensitivity of such a 
receiver is limited only by the thermal noise generated in the impedance 
of the signal source. Real receivers, having internal sources of noise, 
are less sensitive. These considerations are formulated mathematically 
in the following paragraphs. 

For a linear-gain receiver^ connected to a signal source, with s the 
available power from the signal source in the frequency range/ to / 4- A/, 
and An the available thermal noise power from the signal-source imped- 
ance in the same frequency range. 

An = kTo A/, 

where k is Boltzmann’s constant and To is the absolute temperature of 
the signal-source impedance (usually taken to be 30()°K). If the signal 
and noise powers as indicated by a wattmeter connected to the output 
terminals of the receiver are S and AiV, respectively, in a frequency 
interval^ /' to /' + A/, it will be found that the noise-to-signal ratio 
AN/S is greater than An/s. The factor by which it is greater is defined 
as the noise figure, 

AN 


F is greater than unity except for a perfect receiver where F is equal to 
unity. 

It is clear that F is a function of the signal-source impedance because 
S will depend on the goodness of match” between the signal source and 
the receiver at the signal frecpiency / and at the image and harmonic 
frecpiencies, and the output noise AN will depend on the signal-source 
impedance. The complete dependence of F is so complex that at the 
present time the optimum signal-source impedance can be determined 

^ The treatment here follows that of S. Roberts, RL Report 293, Jan. 30, 1943. 
It is similar to that of H. T. Friis, Proc. Inst. Radio Engrs, 419 (1944). 

* Linear-gain receivers are those for which the output power is proportional to 
the input power. This includes the more sensitive double-detection or superhetero- 
dyne class but excludes most single-detection receivers which are “square law.’^ 

* In double-detection receivers the frequencies / and /' differ; the former being 
called the radio frequency and the latter the intermediate frequency. The character 
of any modulation and A/ are the same, however, at these two frequencies. 
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only by experiment. ^ Because of this dependence of the noise figure on 
the signal-source impedance, it is necessary to specify and quote the 
signal-source impedance corresponding to a given noise-figure value. 

The incremental-band noise figure of Eq. (1) is seldom used except 
in mathematical discussions. In practice, one is concerned with the 
so-called effective or average noise figure, the noise figure relevant to 
the entire acceptance band of the receiver. The average noise figure 
is computed by averaging F with respect to the receiver gain over the 
acceptance band of the receiver. If G{f) is the receiver gain defined 
by (?(/) = S{f)/s{f)y then the average noise figure is 


^ I'rWiSXit 
/«■ «</) 


(2) 


In the following sections this quantity will be considered in connection ^ 
Avith several ways in which it can be measured. 

4*2. Noise-figure Measurement with C-w Signal Generator. — In the 
arrangement of Fig. 4*1, the receiver is presumed to include no detectors 



Fig. 4-1. — Noise-figure measuring apparatus. 


or other devices which mix signal and noLse (i.e., no second detector for a 
superheterodyne receiver). If the acceptance band of the power meter 
is somewhat wider than the receiver pass band, in a frequency interval 
A/ of the pass band the output noise power as indicated by the power 
meter is 


AN = F -An = F- kTo Af; 
s s 

consequently, the total indicated output noise power is 

= kTo F(f)G(f) df. 

From Eq. (2) is obtained 


kTo // GU) df 

^ These matters are treated fully in Vol. 16 of this series. 


( 3 ) 
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BGifo) = fj Gif) df, (4) 

where /o is the midband frequency, the frequency at which (?(/) is a 
maximum, then Eq. (3) becomes 

^ “ kToBG(Jo)' 


The noise figure F is measured in the following manner. With 
no signal emanating from the signal generator, the output power is 
N. A signal s(/o) of such a magnitude as to double the output power 
is introduced. Then 


N = SiU) = G{fo)s(fo) 

and Eq. (5) becomes 

P ^ s(fo) 
kl\B 


( 6 ) 


Thus, if the available power from the signal generator for which the 
output signal-to-noise ratio is unity is known and B is measured, F can 
be found from Eq. (0). 

Customarily a c-w signal generator has an attenuator calibrated in 
such a way that the available power can be changed and set to known 
values; and consequently, s(/o) is known. The bandwidth B can be found 
by measuring (?(/) throughout the receiver pass band by tuning the signal 
generator to a known set of frequencies or by using an f-m signal gener- 
ator. For most superheterodyne receivers B is determined by the i-f- 
amplifier pass band, which is much narrower than the microwave band- 
width. In such instances B can be mea.sured with an i-f signal generator. 

4*3. Noise-figure Measurement with Microwave Noise Source. — 
Many noise sources have a uniform intensity over a frequency interval 
that is wider than the acceptance band of the receiver being tested. 
For a thermal noise source at temperature T, the available power in a 
frequency range A/ is just kT A/. The noise temperature of the source 
is designated as T and completely characterizes the generation of noise 
signals. In the case of sources which are not thermal, this representation 
is still used, where T is the temperature of a thermal source having the 
observed available power. The noise temperature of a source may 
therefore be a real physical parameter or entirely fictitious. 

The measurement of F with a noise source is very simple. The total 
output noise is 


N 




Gif)FU) df. 
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The total output signal is 



From Eq. (2) is obtained 

^ kTo' S To‘aS‘ 

If, as before, the signal source is adjusted so as to double the output 
noise, that is, iV = S, then 

p = f, 

It is seen that the bandwidth of the receiver does not enter into the 
measurement, and if the noise source is calibrated in noise-temperature 
units, P values are measurable directly. 

It has been implicitly assumed that power is available from the signal 
source only at the signal frequency and not at any of the other fre- 
quencies to which the receiver is sensitive, such as harmonic or image 
frequencies. With noise sources this may not be the case and it is neces- 
sary to remove all but signal frequencies from the noise source or to make 
correction if they are present. If such contributions are present, the 
measured noise figure F' is related to that* defined in Eq. (1) by 

F = (8) 

where the summation is carried over all frequencies to which the receiver 
responds. A simple case which occurs in practice is = Gi.u.**, 
= T and Gharmonic « 0. Then Ecj. (8) reduces to 

F = 2F' = 2 —■ (9) 

J 0 

An ideal noise source for receiver measurements is one for which the 
noise temperature is constant over the signal band of the receiver and 
zero everywhere else, thus avoiding the complications cited. Sonie 
noise sources, in particular those employing shot-noise vacuum tubes 
and resonant cavities, fulfill these conditions quite well. 

4*4. Measurements on Pulse Receivers, — Microwave receivers for 
the amplification of short pulses have received considerable attention 
at the Radiation Laboratory. Most of the measurement techniques 
that will be treated were developed for this class of receiver and in some 
cases they apply only to these receivers. Some of the characteristics of 
microwave pulse receivers will be examined briefly. 

A pulse receiver is a receiver that accepts a short pulse of microwave 
energy, amplifies it, and presents an amplified signal at a low frequency 
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whose envelope reproduces the shape of the pulse with good fidelity. 
Such receivers usually consist of a superheterodyne arrangement employ- 
ing a crystal mixer driven by a c-w microwave oscillator as the first 
detector, a vacuum-tube i-f amplifier at ordinary radio frequencies, and 
a second detector which yields a d-c pulse. This pulse reproduces the 
microwave pulse shape to a degree that depends on the amplitude and 
phase response of the i-f amplifier. In particular, the acceptance band 
of the i-f amplifier must be of the order of 1/r cps in width, where t sec 
is the length of the microwave pulse. The microwave circuits are almost 



0 1 2 3 4 5 6 


Time in sec 

Fig. 4-2. — Output voltaRe from a (i-stage .siiu>:lo-tuned i-f amplifier of 1-Me/seo over-all 
))an(l width for reetaiiKular voltage pulses starting at t - 0. 


always much wider than this and do not limit the fidelity of the total 
.system. 

The theory and design of such amplifiers is treated elsewhere in this 
series and no more will be said than is necessary in order to understand 
the use of microwave signal generators in measuring their performance. 

The Pulse Response . — The complete amplitude and phase charac- 
teristics of the receiver are necessary in solving the pulse-response 
problem; consequently, each receiver is a special case. The main 
points, however, can be illustrated with a single example. For a receiver 
having a G-stage i-f amplifier that employs single-tuned coupling, that is, 
a simple shunt-resonant interstage coupling circuit, and having an 
over-all bandwidth B of 1 Mc/sec (total bandwidth between half-power 
points) Fig. 4*2 shows the normalized output voltage function for rec- 
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tangular pulses of various lengths r but of equal amplitudes.^ The 
main point of interest is the low output voltage and large distortion 
which result when the pulse length is too short for the receiver bandwidth 
in question. This condition should be avoided in testing receivers with 
pulsed signal generators. 

4*6. Measurements with Pulsed Signal Generators. — Pulse receivers 
are frequently tested wdth pulsed signal generators since this most nearly 
reproduces the conditions under which the receiver is operated. The 
minimum detectable signal is very difficult to define and measure and 
depends markedly on receiver parameters and the observer. It is 
desirable, therefore, to find a more exact criterion which can be used 

with pulse receivers and the usual 
oscilloscope indicators. The so-called 
tangential signal has been found to be 
the best of such criteria. This is the 
signal that raises the observed noise 
amplitude by its own width as seen on 
an A-scope. This is showp in Fig. 4*3 
for a square-law second detector. It 
is clear that there is no way in which to 
define this operation independently of 
the observer since there is no meaning 
to the ^Hops” of the noise peaks. 
Nevertheless, it is found that various 
observers agree upon the tangential 
signal strength and that the absolute 
value of the tangential signal is not a 
critical function of the various receiver parameters. 

Such measurements have been reported^ using a radar receiver of 
4-Mc/sec bandwidth with rectangular pulses of 1 /isec duration occurring 
at a repetition rate of 1000 per ^ec. An A-scope with a sweep speed 
of 4.9 Msec/in. was used as the indicating device. It was found that each 
of seven experienced observers could repeat tangential-signal measure- 
ments with a standard deviation from the mean of less than 1 db for a 
variety of receiver-gain settings and intensities of the oscilloscope trace. 
The standard deviation in the mean for the seven observers was some- 
what less than 2 db for the same experimental conditions. In these 
experiments the mean absolute value of the peak pulse power for the 
tangential signal was 9.2 db above the c-w power required to equal rms 
noise power measured as described in Sec. 41. It was also found 

^ The curves of Fig. 4*2 also represent the response of any 6-stage single-tuned 
amplifier, if the abscissas are in units of tB and the curve.s are labeled in units of rB. 

* S, Katz, ** Microwave Test Signals,” RL Report 1023, Jan, 15, 1946. 



Fio. 4-3. — Tangential signal on an 
A-scope with a square-law second 
detector. 
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that the tangential signal strength was quite insensitive to the pulse 
repetition rate for the range 200 to 4000 per sec. There are, however, 
no data on the way in which the pulse-length receiver-bandwidth product 
affects the tangential signal. This undoubtedly becomes important for 
pulses shorter than a certain critical value, perhaps of the order of l/B 
as is seen by referring to Fig. 4-2. For very short pulses the amplitude 
is reduced and the shape is poor for exact measurements. 

**Pulsed’off^^ Signal Generators . — One of the principal difficulties 
in designing microwave pulsed signal generators is the stringent require- 
ment on the constancy of the pulse voltage applied to the klystron 
oscillator if frequency modulation during the pulse is to be avoided. 
Another difficulty is in the measurement of the peak pulse power. This 
is commonly accomplished by c-w 
operation of the oscillator on the as- 
sumption that the peak pulse power 
is equal to the c-w value which is 
measured with a thermal element. 

This is subject to error unless special 
circuits are employed to accomplish 
this condition. Even then it is diffi- 
cult to be sure. Another way is to 
measure tlie average pulse power with 
a thermal clement and to calculate the 
peak pulse power knowing the recur- 
rence rate and pulse length. This is 
hard to do accurately for two reasons: 

(1) because the exact pulse shape, 
length, and separation must be known 
accurately; and (2) because the average pulse power is very small and 
difficult to measure. 

These problems are circumvented by the use of a ^‘pulsed-off” 
signal generator, a generator that normally generates a continuous 
wave and which is pulsed out of oscillation for short lengths of time at 
some recurrence rate. If the oscillator is a reflex klystron, this is accom- 
plished by putting onto the reflector a rectangular pulse (of either sign) 
sufficient in amplitude to drive the tube out of oscillation. The pulse 
need not have any particular shape but only steep sides, if rectangular 
pulses are to be generated. Since the oscillator is off for only a small 
fraction of the total time, the peak pulsed-off power is approximately 
equal to the average power and thus is easily measured. 

Unfortunately, the use of such signal generators is not straightforward. 
In the first place, the character of the noise is changed by the c-w signal 
which is on between pulses. Secondly, the video characteristics of the 



Fig. 4-4. — Pulsed-off tangential sig- 
nal on an A-scope having a square-law 
second detector. 
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indication differ from those for a positive pulse, both between pulses 
(because of the c-w biasing of the second detector) and during the pulses. 
This is shown in Fig. 4*4 for a tangential signal on an ^-scope having a 
square-law second detector. Very little experimental work has been 
done with pulsed-off signal generators. Available results indicate that 
tangential signals are of approximately the same peak power as for 
conventional pulsed generators. 

4*6. Pulse-receiver Response to Frequency-modulated Signals. — 

Another way of avoiding some of the undesirable features of pulsed signal 
generators is by the use of a frequency-modulated signal source. With 
klystron oscillators, frequency modulation is easier to accomplish than 
good pulse modulation and the associated circuits are much simpler. 

If the frequency of a signal generator is varied linearly with the time 
at a sufficiently high rate, the time variation of the output signal from a 
receiver is somewhat similar to its response for a rectangular pulse. If 
the signal voltage is the real part of 

where Q is the phase, the instantaneous frequency is ciB/dt and the average 
rate of change of frequency is 



If the rate of change of frequency is constant, then 

where the frequency co = a at < = 0. The frequency spectrum of this 
signal is given by the Fourier transform of S which is 


gM 
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( 10 ) 


The amplitude of g(cj) is seen to be independent of the frequency. 

The time response of the output voltage from a receiver having 
Eq. (10) as the input voltage is, of course, dependent on the amplitude 
and phase response of the receiver. The calculations are most easily 
made for a receiver having a Gaussian error-function amplitude response 
and linear or zero phase shift. ^ If B is the total bandwidth (in radians/ 


^ This amplitude function is the limiting form for single-tuned stages in cascade. 
The phase shift of such a cascade, however, approaches « with the number of stages 
and the Gaussian amplifier is not physically realizable. This is not serious in the 
present example. 
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sec), i.e., the interval between the frequencies where the voltage response 
is 1/v^ times the maximum value, the gain of such an amplifier (output 
voltage divided by input voltage) is given by 

n («) = exp -2 In 2 ]’ 

where a is the frequency at the band center. The output time response 
is given by 


V(t) 


= j gMHio>)ei-‘dco 


where 7 = 4 



The last exponential is the oscillating, frequency- 


modulated portion of the signal, 
rapid than for ^(co) by a factor 
/ = (7“ + 1)”^- The first two 
terms represent the envelope of 
the f-m signal. The maximum 
value of this envelope occurs at 
t = 0, when the input signal has 
the same frequency as the center 
of the pass band of the receiver. 
The response is normalized so that 
|T(0l = 1 for slowly modulated 
signals (small b). For rapid fre- 
quency modulation, \V {t)\ < 1 by 
an amount given by the voltage 
attenuation .1 of the signal, where 

~ r 1 + v^' + n " (\ 2 ) 

L 2(7'^+ 1) J ' 


It is noted that the modulation is less 



The time respon.se of the out- 
put voltage is given by the first 
exponential in Eq. (11). 1 1 is seen 

to have the Gaussian form. This 


0 1 2^3 4 5 

Fig. 4-5. — Parameters of output func- 
tions for a Gaussian receiver with an f-m 
input signal. 


output voltage function can be characterized by a pulse duration r sec, 
defined as the time duration between the points at which the output volt- 


age is A/\/2. This is 
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T = ^ \/7* + 1 


4 In 2 \/ 7 ^ + 1 
B y 


(13) 


Figure 4*5 shows the quantities A^y /, and hr/B plotted against y. 

It is important to note that the output time functions for f-m and for 
rectangular-pulse inputs are somewhat different in form, especially 
for pulses long enough to be reproduced without great distortion. This 
is shown in Fig. 4*6 where four sets of output functions for rectangular- 
pulse and for f-m input functions have been plotted. The four output 
pulse functions are labeled with the input pulse durations in microseconds. 



Time in p sec 


Fig. 4-6. — Pulse and f-m response of a Gaussian receiver of 2-Mc/Hec bandwidth. 
Solid curves are f-m output functions and dotted curves are output functions for rec- 
tangular pulses whose output pulse durations are equal to the corresponding f-m pulse 
lengths. All curves are arbitrarily adjusted to be symmetrical about t = 0. 

Each of the f-m output functions is calculated from Eq. (11) using a r 
value which is equal to the output pulse duration of one of the rectangular- 
pulse response curves. The output pulse duration is defined as the time 
interval between the points at which the amplitude is ecjual to l/\/2 
of the maximum amplitude. Whereas the f-m response is always similar 
to the receiver bandpass function, the pulse function is more like a 
rectangular pulse, at least for long pulses. This difference in shape 
leads to some difference in the minimum detectable signal observed with 
pulse and with f-m signal generators. This difference seems to be small. 
For tangential signals there seems to be no detectable difference at 
least for the case of long pulses and slow frequency modulation such as 
the 2-Ai8ec curve in Fig. 4'6. 
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Miscellaneous Measurements . — By use of an f-m signal generator 
receiver bandwidths can be measured with some accuracy. With the 
rate of change of frequency of the r-f signal properly adjusted, the 
receiver bandpass characteristic is displayed upon an oscilloscope. If a 
reaction wavemeter is included with the signal generator, this will cause 
a sharp notch in the pattern at the resonant frequency of the wavemeter. 
The width of the bandpass curve can be measured by moving this notch 
along the pattern and noting the wavemeter tuning. The bandwidth B 
as defined in Eq. (4) differs from the frequency interval between l(y/2 
voltage points (the so-called 3-db bandwidth). Table 4T illustrates the 
relation between these quantities for several simple cases. 

Table 41. — Ratio of Bandwidth B to the 3-db Bandwidth 

Ratio 


One single-tuned 8tag(‘ 1.57 

Gaussian 1.06 

Rectangular 1.00 


An f-m .signal generator also provides a convenient means of tuning 
the receiver. When the notch appears at the center of the bandpass 
characteristic, the frequency meter indicates the frequency to which 
the receiver is tuned. Conversely, the receiver may be adjusted so 
that, with the frecpiency meter tuned to a desired frequency, the notch 
appears at the center of the bandpa.ss characteristic. 

By a similar method, the operation of the automatic-frequency-control 
circuits of a radar receiver can be checked. Comparison of the frequency 
of the bandpa.ss characteristic with the receiver freipiency, under manual 
control and under automatic control, provides (luantitative information 
about the locking of the automatic-freciuency-control circuit. The 
behavior of the automatic-frequency-control circuits during actual oper- 
ation can also be observed. If the transmitter frequency is varying 
because of a varying impedance in the transmission line, this is immedi- 
ately obvious on the oscilloscope where the wavemeter notch moves 
relatively to the center of the receiver passband. A pulsed signal genera- 
tor cannot yield such information. 

There are other properties of receivers and receiving systems which 
may be measured with signal generators. The recovery time of a 
receiving system after a strong signal may be measured provided that 
the interval between the occurrence of the test signal and the initial 
trigger can be reduced to a small value. As the interval is reduced, 
the amplitude of the test signal decreases because of the reduced sensi- 
tivity of the receiving system. The interval at which the signal ampli- 
tude is one-half the value at full sensitivity is a useful measure of recovery 
time. Finally, signal generators facilitate the tuning of such frequency- 
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dependent components of a receiving system as the TR cavity. With 
the test signal displayed upon an oscilloscope, the frequency-critical 
components may be adjusted for maximum signal amplitude. 

THE DESIGN OF MICROWAVE SIGNAL GENERATORS 

4*7. Microwave Design Considerations for C-w and Modulated C-w 
Signal Generators. — The signal generators which have been built at the 
Radiation Laboratory for the testing of pulse receivers have been of three 
varieties: (1) continuous-wave, (2) rectangular-pulse-modiilated con- 
tinuous-wave, and (3) frequency-modulated continuous-wave. Usually 
in a given signal generator either c-w signals or one of the modulated 
forms can be produced by using a switching arrangement. 

These generators employ a low-voltage r-f oscillator, usually a 
velocity-modulation tube, as the c-w’ source. The supply voltages are 
modulated for pulse or f-m operation. This oscillator signal is con- 
veyed to the output terminals of the signal generator through a trans- 
mission line including attenuating elements and frecpiently a reaction 
wavemeter. Part of the oscillator signal is absorbed in a monitoring 
element, usually a thermal power-measuring element. This is frequently 
arranged so that the absolute value of the monitor power is related to 
the absolute level of the signal-generator output pow er. The r-f assembly 
consists, therefore, of four essential parts: an oscillator, an attenuator, 
a wavemeter, and a powder monitor. The principal design problem is to 
construct and arrange these components so that a properly modulated 
signal of known frequency and power is available. 

Suitable r-f oscillators are discussed in Chap. 2 and will not be listed 
here. Any oscillator capable of supplying a minimum of 10 mw' over 
the frequency band in question, with good power and frecpiency stability, 
may be used. 

At resonance the reaction wavemeter should produce a ‘‘dip'’ in the 
signal power of such a magnitude, as to be easily detected by the power 
monitor when the wavemeter is tuned rapidly through the signal fre- 
quency. The resonance should also be broad enough in frequency to give 
a sufficient decrease in power when the frequency of very short pulses is 
measured. The decrease of power in this case is always smaller than 
for c-w power because of the reduced response of the wavemeter to the 
sideband frequencies of the pulse. On the other hand, the dip should be 
narrow enough for accurate frequency measurements. It has been 
found, in practice, that for c-w power a wavemeter dip of 50 per cent 
and a dip width of 0.01 per cent of the midband frequency satisfies 
these criteria. The response of the wavemeter for resonances in unde- 
sirable modes should be small compared with the response for the proper 
mode so that confusion will not result. When determining the frequency 
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of very short pulses, the lower of a spurious mode may result in a 
decrease in power as large as that caused by the proper mode, since a 
high-Q resonance affects only a small part of the frequency spectrum of 
the pulse. 

The calibrated attenuator may be of any type provided that both ends 
present small voltage standing-wave ratios at all attenuation settings 
and frequencies within the band. Its variation of attenuation with 
frequency should be small. The power monitor may be conveniently 
arranged to give a full-scale deflection when the r-f power dissipated in 
the sensitive element, usually a thermistor, is 1.0 mw. The maximum 
voltage standing-wave ratio of the thermistor should also be small. 
If 1 .0 mw is chosen as the reference 
power level, some means must be 
provided for reducing the power 
delivered by the oscillator to this 
level. This can conveniently 
be an auxiliary ^'power-set'’ 
attenuator. 

If the sole function of the signal 
generator is to provide a signal of 
known intensity and frequency, 
the design of the r-f circuit can be 
very simple. The wavemeter may be attached to the transmission line in 
one of the ways described in Chap. 5. The principal problem is to take a 
known portion of the oscillator power to be measured by the power 
monitor. One simple way of accomplishing this is shown schematically 
in Fig. 4-7. The oscillator is connected to one arm of a waveguide 
T-junction with the attenuator and power monitor attached to the other 
two arms. A matching transformer is provided so that the oscillator may 
work into a reflectionless load. A certain fraction of the oscillator power 
will go to the monitor, the remainder to the calibrated attenuator, the 
exact manner of division depending upon the variety of the T-junction 
used. The power division can be determined by a calibration of the 
device. The wavemeter is placed next to the oscillator in Fig. 4-7. In 
this way, when the wavemeter is tuned to resonance, both the power to 
the monitor and the power passing through the attenuator are reduced. 
The alternative placing of the wavemeter next to the power monitor, as 
indicated by dotted lines in the figure, is not satisfactory since the dip 
in the power through the attenuator would be very small. 

Such a simple arrangement would be satisfactory for many labora** 
tory uses. In commercially built equipment, however, the tendency has 
been to make a signal generator perform other functions. In particular, 
for the testing of radar systems, signal generators have been designed 


Power 

monitor 



Oscillator diaphragm Attenuator 

Fiu. 4*7. — Schematic diagram of simple 
signal generator. 
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so that the attenuator, power-measuring device, and wavemeter can 
also be used to measure the power and frequency of a signal from a source 
external to the signal generator (the radar transmitter). This greatly 
complicates the design of the r-f circuit. These difficulties will be 
outlined in more detail and specific examples of their solution will be 
given. 

If power and frequency measurements are to be made on both an 

external source and the internal oscillator 
of a signal generator, it seems logical to 
use a symmetrical arrangement such as 
that shown in Fig. 4*7. It would be neces- 
sary to move the wavemeter to a symmetri- 
cal position at the junction. Such a signal 
generator is described in Sec. 4* 14. The 
principal objection to power division by a 
T-junction is the inaccuracy introduced if 
the power monitor and attenuator are not 
perfectly matched. It may be shown that if appropriate reference planes 
are chosen in the arms of the junction, the equivalent circuit is the simple 
one sho\\Ti in Fig. 4-8. The power delivered to the attenuator can 
be simply written as 



where Pm is the power absorbed by the monitor. If the voltage standing- 


power monitor 



Fio. 4-8. — Equivalent circuit of 
T-junction used for power measure- 
ment. 



Fio, 4-9. — Signal generator using a magic T. 


Power 

in 

out 


wave ratio of either the attenuator or power monitor is as large as 1.2, 
Pa will differ by one decibel from its value with matched components. 
Thus a calibration is essential for accurate work. The power division 
is, of course, a function of frequency. For greatest convenience of 
operation, this variation should be small. 

The extreme sensitivity of the power division to reflections from the 
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individual components can be avoided by using more complicated 
arrangements. Three directional couplers (Chap. 14) and an r-f switch 
may be employed as described in Sec. 4- 15 to avoid completely the effects 
of mismatch. Another possibility is to use a magic T for the power 
division, and a switch to interchange the position of the oscillator and 
power monitor. This arrangement is shown schematically in Fig. 4*9. 
A magic T has the property that power sent into one arm is divided 
equally between adjacent arms if these arms are terminated in matched 
loads. No power goes into the opposite arm (see Chap. 9). The r-f 
switch can be constructed similar to a stopcock using E-plane bends in 
waveguide. No signal generators using this r-f circuit are currently 
available. 

4*8. Pulse Modulation of Oscillators. — To be useful, the pulse 
generated by a pulsed signal generator must simulate as closely as possible 
the characteristics of the signals for which the pulse receiver is used. 
Since the signal generator may be used to test receivers having widely 
different characteristics, it is usually desirable that the parameters of 
the pulse, such as length and recurrence rate, be variable. Furthermore, 
the timing of the test pulse should be synchronized with the presentation 
of the indicating system. 

In the past, only two types of r-f oscillator tubes have been used in 
microwave signal generators, the reflex, velocity-modulated tube, and 
the so-called ^Mighthouse’^ tube. In the- reflex, velocity-modulated 
tube, the frequency and output power depend critically upon the poten- 
tial of the reflector electrode and only to a lesser extent upon the potential 
of the anode with respect to the cathode. By setting the reflector voltage 
accurately to a definite value during a very short interval of time, a pulse 
of r-f energy at the frequency determined by the reflector voltage is 
produced. If the pulse is to be rectangular and properly shaped, the 
voltage during the pulse must be very nearly constant, and the rise and 
decay time very short. At the end of the pulse the reflector voltage 
returns to a value at which the tube does not oscillate. Thus the oscil- 
lator is periodically turned on for a short time during the cycle. The 
amplitude of the pulse is determined by comparison with the power 
generated when the oscillator is producing a continuous-wave signal. 
The circuit constants of the signal generator are usually so adjusted that 
the peak amplitude of the pulse equals that of the continuous wave, 
which may be measured by means of the thermistor bridge in the signal 
generator. 

Pulse-forming Stages , — Figure 4* 10 shows the delay lines and switch 
tubes used to produce a voltage pulse. Normally the delay lines are 
charged to B+ potential. With the arrival of a positive trigger upon the 
grid of the gas-discharge tube A, the delay line selected by the pulse- 
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length switch discharges through the tube, causing an abrupt increase in 
cathode potential. The delay line discharges until the plate potential 
falls below the ionization point and the current is cut off. The cathode 
resistance is chosen so that the impedance of the discharge path is 



Fio. 4- 10. — Pulse-forming network and switch tubes. 

appoximately equal to the characteristic impedance of the delay line. 
Either of two delay lines (or more, if desired) arc made available by 
switching. 

For pulses of variable length (position 1 of the pulse-length switch), 

the front edge is produced in the 
same way as described above, with 
the l.l-mh inductance as the load. 
The trailing edge is formed by the 
discharge of the gas tube B. The 
time interval between front and 
trailing edges is determined by the 
rate of change of bias controlled by 
the adjustment of the l(X),000-ohm 
rheostat. 

To ensure that the d-c potential 
on the reflector of the r-f oscillator 
has the same value during the pulse as during c-w operation, a clamping 
circuit may be used, as shown in Fig. 4*11. The cathode of the diode 
is at a positive potential relative to the plate, and hence the diode don- 
ducts only during a positive pulse. The potentiometers are so adjusted 



Fio. 4 -11. --- Diode clamping circuit. 
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that, with the diode in a nonconducting state, the potential at the junc- 
tion of Ri and is equal to that at the junction of Rz and Rz when the 
diode is conducting. 

Another method for generating a short voltage pulse uses a pulse 
multivibrator, shown in Fig. 4*12. With the arrival of a trigger upon the 
grid of one tube, one cycle of oscillation is produced, the multivibrator 
recovers, and remains quiescent until another trigger arrives. Potentiom- 
eter R\ controls the duration of the pulse. The circuit constants may 
be so adjusted that when a single trigger is applied the multivibrator 
generates a train of pulses of short duration separated by 5 to 10 Msec. 
This type of modulation is often con- 
venient, particularly in measurements 
of receiver recovery. 

Synchronization of Pulses . — In 
testing pulsed radar systems it is 
necessary to synchronize the signal 
generator with the transmitter in order 
that the repetition rates of the system 
and signal generator are exactly the 
same. This synchronization is usu- 
ally accomplished by trigger pulses 
formed in one part of the system and 
distributed to the other components. 

One common scheme is to use the 
trigger which operates the modulator 
of the transmitter to drive the pulse- 
generating circuit of the signal genera- 
tor. Since this trigger may be either a positive or a negative one, 
some provision must be made so that the pulse-generating circuit 
can be actuated by either polarity. One method of accomplishing 
this is to have a selector switch and an inverter stage so that it is 
always possible to introduce a trigger voltage of the same polarity into 
the pulse generator. A modification consists of using an inverter- 
amplifier stage with a switching arrangement for applying a negative 
trigger to the cathode or a positive trigger to the grid so that in either case 
an amplified negative trigger is produced. This synchronization scheme 
requires a trigger cable connecting the transmitter with the signal 
generator. 

A more convenient arrangement is to apply a small amount of the 
transmitter power to a crystal, amplify the resulting video pulse, and 
utilize this as the synchronizing signal. While the use of the signal 
generator is simplified by the elimination of the trigger cable and the 
trigger-polarity switch, the bulk of the set is increased slightly by the 



Fig. 4-12. — Multivibrator for producing 
pulses of variable length. 
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addition of the video amplifier. The amount of power extracted from 
the line and applied to the crystal should be small enough so that no 
error is introduced in measuring the transmitter power. It should also 
be small enough so that the crystal will not be burned out with the 
largest transmitter power which is likely to be encountered. While 
it is simple enough to reduce the power coupled to the crystal to the 
required level, in doing so the output voltage of the crystal at minimum 
transmitter power is reduced to a very small amount. This requires 
that the video amplifier have a fairly large gain to produce a satisfactory 
synchronizing signal. 

In some cases it is desirable to reverse the order of synchronization, 
and have the transmitter driven by a trigger generator which is part 
of the signal generator. An external cable connection must be provided 
for conducting the trigger voltage to the transmitter. 

Not only must the signal generator be synchronized with the trans- 
mitter, but it is also necessary to have the signal separated in time 
from the transmitter pulse by a variable amount. Some delay circuit 
must therefore be placed between the trigger generator and the modu- 
lator of the signal generator, whether the trigger be generated internally 
or received from some external source. This delay circuit most commonly 
takes the form of a multivibrator of essentially the same type as that 
shown in Fig. 4* 12. The rectangular pulse which the delay multi- 
vibrator produces is differentiated, and the pip caused by the trailing 
edge of the pulse is used to trigger the pulse generator. Thus, by varying 
the length of the pulse produced by the multivibrator, it is possible to 
alter the time interval between the signal and the transmitter pulse. A 
more detailed discus.sion of delay multivibrators for this appli(;ation may 
be found in Vol. 22 of this series. 

4*9. R-f Leakage and Shielding. — It is very important that the 
signal generator be well shielded, since the oscillator level is much greater 
than the signal level and signals c^n easily escape from the generator and 
find their way into the sensitive parts of the receiver being tested. Such 
spurious signals, even if small compared with the test signal, can introduce 
large errors in receiver measurements. This is illustrated by the follow- 
ing example. If Pl is the leakage power, and Ps the available signal 
power from the signal generator as measured at the receiver input ter- 
minals, and Vl and Vs the corresponding voltages, then the maximum 
and minimum values of the voltage at the receiver are 

V^==Vs + V, 

and 

= Vs - V,. 

If E is the error in decibels introduced by the leakage, the error cor- 
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responding to Fmw is 

E+ 20 logic 

and that corresponding to V min IS 

E, = -20 logic (l - 

The actual error falls between and It is convenient to specify 
the error in terms of the ratio PlIPs or by the quantity 

L = 10 \ogio^ = —20 logio^> 

which is commonly called the ^Meakage/’ namely, the leakage power 
expressed in decibels below the signal power. The contours E+ and E_. 
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Leakage in db 

Fig. 4*13. — Errors due to leakage from a signal generator. curve is for leakage in 
phase with signal and E- curve is for leakage 180® out of phase. Actual error will fall in 
shaded region. 

VS. L are shown in Fig. 4- 13. The actual error will always be inside of 
the shaded region. 

The leakage from a signal generator can be measured with a calibrated, 
superheterodyne receiver. The receiver is connected to a flexible trans- 
mission line terminated in a small horn which is used to explore the region 
close to the signal generator. A small horn close to the source of leakage 
is more sensitive than a larger antenna several feet away. 

Evidently, the smaller the power level of the test signal, the more 
damaging are the effects of leakage. It is, therefore, advantageous to 
use test signals which are large in amplitude, such as the tangential 
signal. 
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The sources of leakage in a signal generator are numerous. Leakage 
occurs at any imperfect waveguide junction, and through any small 
apertures in the r-f line. In most signal generators designed in the past, 
there has been leakage of r-f power at the back-plate of the thermistor 
mount and coaxial line by which the d-c power is supplied to the ther- 
mistor. Other sources of leakage have been the cover of the mount for 
the r-f oscillator tube, the junction of the tube mount and the exit 
transmission line, the waveguide choke-flange joints, and the openings 
for mechanical devices for driving the attenuator and tuning the r-f 
oscillator. 

There are a variety of techniques which may be used to minimize 
leakage. In general, all joints, such as the threads of tube caps and the 
junctions of waveguide sections, should be as nearly mechanically perfect 
as is possible. The necessary apertures in the waveguide, such as a slot 
into which resistive attenuators are inserted, or the holes through 
which the supporting rods of an attenuator are moved, or the holes 
through which insulated wires pass must be very well shielded. It has 
been found that polyiron, ^ a material having a high attenuation for 
microwaves, provides an excellent means for absorbing leakage power. 
Thus, slots through which attenuator flaps move may be enclosed in 
polyiron; the dielectric material of insulated leads may be polyiron; and 
shafts may be sealed with polyiron washers. 

Several techniques for reducing the leakage from waveguide fittings 
have been used. Among these are carefully constructed flanges making 
excellent contact with one another, and flange-choke combinations with a 
ring of metal textile in a shallow groove placed concentrically with and 
further from the guide axis than the choke groove. The metal textile 
ring consists of copper braid pressed into resilient rings which fit into this 
groove. When together, the choke and flange combination compress 
the ring, forming a very leakproof joint. In using a flange-to-flange 
combination, a thin washer has sometimes been used to compensate for 
the lack of parallelism. The metal textile ring is usually greatly superior 
to a solid washer. Thermistor mounts have been a great source of leak- 
age in the past. The tunable back-plate and the coaxial line, whose 
center conductor is the d-c lead to the thermistor, were particularly 
objectionable. The tunable back-plate may be improved by careful 
soldering after the thermistor has been matched Leakage from the 
coaxial line may be suppressed by the use of polyiron. A satisfactory 
method for suppressing leakage along a shaft is to make the shaft of 
plastic and to enclose it in a metal pipe in such a way that the combination 
is a waveguide below cutoff. Other materials that have been used 
to reduce the leakage from signal generators include steel wool, metal 

‘ See Chap. 12; also Vol. 8, Chap. 11. 
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paint, and plaster of Paris impregnated with some lossy material such as 
graphite. 

The best guarantees of negligible leakage are careful mechanical 
construction, the use of soldered joints wherever possible, the use of 
chokes and metal textile rings in waveguide connections, the use of 
poljdron washers and disks in movable components, and the use of poly- 
iron strips to cover irises and slots in waveguide. 

4* 10* Miscellaneous Features. — The weight and the size of a labora- 
tory signal generator are usually of little importance compared to 
accuracy. On the other hand, a test generator for field use should be 
light and compact for portability. The use of light metals for the panel, 
chassis, carrying case, and some of the r-f components is a great help 
in weight reduction. The other principal source of weight is the power 
transformer. The lower limit on transformer weight is determined 
primarily by the voltages it must be insulated to withstand, and the 
amount of power it must supply. By choosing an r-f oscillator which 
does not require high voltage and by choosing circuits which require 
a minimum amount of power, the weight of the test set can be minimized. 

While the pow er-supply requirements on signal generators using light- 
house tubes are much less stringent than those for velocity-modulation 
tubes, the performance of the lighthouse-tube signal generators has not 
been sufficiently good to justify their use except in rare applications 
where higher power is recjuired than can be obtained from velocity- 
modulation tubes. Since both the frequency and output power of 
velocity-modulation tubes are dependent on the voltages applied to the 
tube, the power supply for these tubes must be well regulated. In fact, 
it is sometimes necessary to stabilize the heater current for the tube. 
In thermally tuned tubes using direct heating of the tuning strut, the 
tuning current must be well regulated. Where triode tuning is used, as 
in the 2K5(), the heater current as w^ell as the plate voltage for the triode 
must be well regulated. Field-test generators should be designed to 
operate over a wide range of power frequencies (for example, 60 to 1600 
cps) and should be insensitive to the waveform of the primary power 
source. 

Where the output line of the signal generator consists of a w aveguide 
junction, some provision should be made for keeping foreign matter, 
such as w^ater and dirt, from entering the w aveguide. This can be done 
by plugging the end of the waveguide with a piece of nondissipative 
dielectric shaped so that the standing-wave ratio is small when view^ed 
from either side. Windows which are suitable for this purpose are 
described in Sec. 4*22 of Vol. 9 of this series. 

The electrical connection between the signal generator and the 
device to be tested can take many forms. A direct connection to the 
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receiver necessitates disconnecting the receiver from its operating circuits, 
which is seldom convenient. A commonly used procedure for radar 
systems is to use a horn or dipole directed at the radar antenna and 
connected to the signal generator. This may, however, lead to serious 
errors. Space attenuation is often too great if the horn is placed a 
considerable distance from the antenna. If the horn is placed close to 
the antenna, it becomes extremely difficult to know the fraction of the 
signal powder which is received. If the horn and antenna are separated 
by a distance greater than the extent of their wave zones, the space 
attenuation A in decibels is calculated from 


A = 10 logio 




where gi and g 2 are the gains, relative to an isotropic radiator, of the horn 
and antenna, and d is the distance between them. If the signal generator 
leaks, it is well to keep the leaking parts out of the antenna beam. 

A more convenient and accurate method of introducing the signal into 
the transmission line of a radar system is by means of a directional 
coupler. Such couplers are described in Chap. 14 of this volume. It is 
good practice to install a directional coupler into the system permanently. 
The directional properties of the coupler cause the introduced signal to 
be propagated toward the receiver. By the same mechanism, only 
the transmitted wave from the system which is proceeding toward the 
antenna will be introduced into the test generator. 

The most convenient method of conducting the signal power is by 
means of a flexible coaxial cable. The connections used for coaxial 
cables are usually mismatched to such an extent that the effect of additive 
reflections from the two ends of the cable and from the other imperfectly 
matched components can cause a serious variation in power output with 
frequency. To obtain the best accuracy, it is often necessary to calibrate 
the signal generator using the ^me cables and connections as are 
employed for the measurements. The transmission loss of flexible coaxial 
cables becomes greater at higher frequencies and cannot be used at 
frequencies much higher than 10,000 Mc/sec. Available types of 
flexible cables are discussed in Chap. 1 of this volume and in Chap. 5 
of Vol. 9 of this series. 

Waveguides are generally more satisfactory than cables from an 
electrical point of view, but they are less convenient to use. At fre- 
quencies much less than 8000 Mc/sec the size of waveguide necessary 
to transmit power without appreciable attenuation becomes too great 
to be practical. For the greatest versatility flexible waveguide should 
be used. A flexible guide, constructed of a spirally wrapped metal strip, is 
satisfactory for use at 10,000 Mc/sec. A guide made up of a series of 
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choke and flange joints (known as vertebrae) held in a rubber envelope 
is also satisfactory. Its transmission loss is not high and is not greatly 
affected by twisting and bending.^ Flexible guides of both types leak 
power, the vertebral guide being the poorer in this respect. This leakage 
should be absorbed by a lossy covering material. 

4*11. Calibration Procedures. — The procedures used in calibrating a 
signal generator depend, of course, on the device in question. There are 
certain similarities in the methods used if the discussion is limited to 
c-w and modulated c-w signal generators. For these classes there 
are three main points of interest: (a) the output signal power level, (6) 
its carrier frequency, and (c) the modulation characteristics. 

The determination of the modulation characteristics is usually a 
question of design rather than one of calibration. For a c-w signal 
generator, the presence of modulation may be detected with a spectrum 
analyzer. If modulation is present, it may be eliminated by improved 
filtering of the supply voltages or by low-frequency shielding of the 
oscillator tube. For pulsed signal generators, the spectrum of the pulses 
or the time response of a receiver of known characteristics when excited 
by the generator may be observed. 

It is usually desired to know the frequency of c-w or modulated c-w 
signals. This is often accomplished by including a cavity wavemeter in 
the signal-generator circuits. This wavemeter may be calibrated by any 
of the methods discussed in Chaps. 5 and 6. When a wavemeter is not 
included in the signal generator it is necessary to use an external wave- 
meter in the exit transmission line. Suitable circuits for this purpose are 
treated in Chap. 5. Such measurements can be used to calibrate roughly 
the tuning of the oscillator tube, which is frequently useful. 

There are two principal forms of calibration of signal power which can 
be called derived and direct calibrations. A derived calibration is one in 
which power is measured in some part of the r-f circuit of the signal gen- 
erator, and this value is used to calculate the available power at the output 
terminals when the circuit parameters are known — in particular the 
attenuation caused by power split and by the variable attenuator. For 
this purpose a thermal power-measuring element connected to a suitable 
bridge and indicator is often placed on a side stub connected to the r-f 
circuit in the signal generator. These devices are discussed in Chap. 3. 

This derived calibration is usually supplemented by a direct measure- 
ment of the output signal power, in which case the internal power-meas- 
uring device becomes simply a monitor. The principal difficulty arises 
from the rather small output power that is usually available, particularly 
for pulsed signal generators. Direct measurements may be taken over 

' Volume 9, Chap. 5 contains more complete descriptions of the several varieties of 
flexible waveguide. 
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the whole range of the variable attenuator at various frequencies or 
they may be made at a single point. If direct measurements are made 
at a single point, the attenuator must be calibrated by an auxiliary 
measurement or the attenuation may be calculated from the dimensions. 
For resistive attenuators it is necessary to calibrate the attenuator point 
by point. 

Whether the calibration is derived or direct it is necessary to know 
the character of the modulation of the s^nal in order to interpret power 
measurements made with a thermal element. It is customary with f-m 
and pulsed signal generators employing klystron oscillators to provide 
for c-w operation and to assume that the f-m or peak pulse power is 
the same as the c-w value. With suitable pulsing and f-m circuits 
this is approximately correct. It is always subject to error, however, 
and consequently, it is more desirable to measure the f-m or peak pulse 
power directly. In the case of pulsed modulation this can be done by 

measuring the average power and deducing 
the peak power from the recurrence rate and 
pulse length and shape. This is frequently a 
difficult measurement because of the low value 

Kio.4 14.- Kffe<tofsui>cr- available average pulsed powers. A more 
ix>.sition of c-w and pulse satisfactory measurement method is discussed 

in the following paragraphs. 

In this method the peak power of a pulse is measured by mixing it 
with c-w power in a receiver. A relation between these two powers is 
derived so that a knowledge of the c-w level can be used to give the peak 
pulse power. Since the c-w power is easily measured, this is capable of 
considerable accuracy. By itself the c-w power produces no change in 
the output signal of the receiver;^ that is, the baseline of an oscilloscope 
connected to the output terminals of the receiver remains unaltered. 
However, if c-w and pulsed power from two sources of exactly equal 
carrier frequency are applied to the mixer simultaneously, the video 
pulse appearing on the oscilloscope may be either positive, negative, or 
zero, depending upon the relative phase and amplitude of the two 
signals. 

Suppose that the output signals from a pulsed and a continuous-wave 
generator, operating at exactly equal frequencies, are applied to a mixer 
and receiver. If the signals are equal in amplitude and in phase, the 
pulse and c-w signals combine to produce a positive video pulse, since 
the video output voltage changes only when the r-f pulse is applied. 
If the signals are out of phase and of equal amplitude, the two signals 
combine to produce a negative video signal. In practice, since the two 
sources cannot remain coherent, the video pulse appearing on the oscil- 

^ This measurement is carried out far above the noise level of the receiver. 
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loscope is composed of a series of horizontal lines representing combina- 
tions of the signals of arbitrary phases. If the r-f pulse amplitude is 
adjusted so that the modulation product appears as shown in Fig. 4*14, 



Fio. 4- 15.— Block diagram of calibration equipment. 


then the peak voltage of the pulse is twice that of the c-w signal, and the 
power during the pulse four times the c-w power. An operational block 
diagram of the calibrating equipment is shown in Fig. 4*15. 

PRACTICAL C-W AND MODULATED-C-W SIGNAL GEIiERATORS 
4*12, C-W, Pulse-modulated or F-m Signal Generator for the 3000- 
Mc/sec Region (the TGS-6BL Signal Generator). — This signal genera- 
tor is designed to operate in the frequency range from 2400 Mc/sec 
(12.5 cm) to 3445 Mc/sec (8.7 cm). A front-panel view is shown in Fig. 



Fub 416,— TGS-5BL sigual generator. 










Square wave adjustment 
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R.f level 

Fig. 4*17. — Block diagram of TGS-5BL signal generator. 
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Fig. 4* 18. — Circuit diagram of TGS-5BL signal generator. 
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416. Figure 417 is a block diagram of this equipment. No provision 
is made for measuring the input power from an external source. The 
equipment was designed for laboratory use only. 

The circuit diagram for this signal generator is shown in Fig. 4*18 
While this is largely self-explanatory, there are a few points to which it 
is worth calling attention. It will be noticed that a switch is provided 
so that when it is desired to go from c-w^ to pulsed operation, a voltage 
is applied to the reflector of the oscillator which prevents oscillation. 
The rectangular pulses remove this blocking voltage for short periods 
of time. This goes far toward avoiding the difficulties of a frequency 

-430 to -330 volts d-c 
Reflector potential 

Choke 

Tuning plunger controls 
volume of resonant cavity 

Compensating disk thermistor 
Thermistor 

Biasing current v“ 

Choke 
Thermistor 

Cathode pin ^3 
and filament 2 
-250 to -180 volts d c 


Filament pm '7 
-250 to -180 volts d-c 

I'lG. 419. 707B McNally cavity oscillator and associated r-f components. 

change between the c-w' and pulsed operation although there is still 
a small shift in frequency remaining. 

External frequency-modulation voltage is applied to the reflector 
of the oscillator, but external amplitude modulation is applied to the grid 
wffiich results in some frequency modulation. A selector swdtch permits 
square-w^ave modulation (50 per cent duty ratio) with the multivibrator 
running self-synchronously at about 1500 cps, or being triggered at any 
frequency from 500 to 2000 cps. The duration of the pulse from the 
pulsing multivibrator is determined partly by the duration of the trigger 
applied to it. For pulse lengths of 5 to 10 /xs^c, the trigger must be of 
several microseconds duration. A switching arrangement is provided 
to furnish this long trigger. 

The oscillator is a 707B (McNally) reflex velocity-modulation tube 
with an external cavity. The oscillator and the arrangement of the 
other r-f components are shown in Figs. 4- 19 and 4*20. As can be 
seen from Fig. 4*19, the cavity has straight sides and curved movable ends 
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in the form of tuning plungers. One of these plungers can be positioned 
at will and locked with a setscrew. The other is actuated by a microm- 
eter drive which varies the wavelength over a band of about 2 cm. 
Thus, two positions of the semifixed plunger suffice to cover the whole 
frequency band. It would be desirable to have both plungers move out 
or in together, as the entire frequency range could be covered without 
resetting the second plunger. It would also result in more uniform 
variation of output power with frequency. These refinements were 



foregone in the present case to gain mechanical simplicity. It will be 
seen from the block diagram, Fig. 4- 17, that no means of determining 
frequency is provided in this signal generator. With a fixed setting of 
the back plunger, however, the micrometer driving the front plunger 
can be calibrated approximately in frequency. A typical frequency 
calibration chart is shown in Fig. 4*21. 

The r-f power is adjusted to the reference level by adjusting the grid 
voltage of the 707B. Power monitoring is accomplished by extracting 
signal power from one side of the cavity and monitor power from the 
opposite side. The signal power is coupled out through a cutoff attenu- 
ator. The power monitor consists of a thermistor bead located as closely 
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as possible to its coupling loop. This thermistor forms one arm of a 
bridge circuit. It is driven by a constant d-c current so that its sensi- 
tivity is nearly independent of temperature, and compensated for ambient 
temperature effects by a 2000-cps current controlled by a disk thermis- 



Frequency in mc/scc 

Fiq. 4’21. — McNally-cavity micrometer setting vs. frequency. 

tor. Figure 4-22 shows how the indicated power varies with the actual 
signal power when the output attenuator is set for minimum attenuation. 
The maximum signal power is about 1 or 2 mw. A somewhat more 
satisfactory method of calibration is to set the output attenuator to give 
100 MW when the monitor reads half scale, and then set the attenuator 



Fio. 4*22. — Frequency sensitivity of the power monitor in the TGS-6BL signal generator. 
The actual signal power is maintained constant as the frequency changes* 

dial to read —10 dbm at this point. A typical calibration curve using 
this technique is shown in Fig. 4*23. It is desirable to have the monitor 
meter marked in + and —dbm as the output power of the oscillator at 
the edges of the frequency band is not always sufficient to give half-scale 
deflection on the monitor meter. The power-monitor meter may be 
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made to read linearly in dbm if the monitor coupling loop couples suffi- 
cient power out of the oscillator cavity. 

The attenuator is of the cutoff type operating in the TE u-mode. 
In order that the attenuator shall appear to be a generator of internal 
impedance approximately 2o, the resistive attenuator insert is provided. 



2600 2800 3000 3200 3400 


Frequency in mc/sec 

Fig. 4-23. — Frequency sensitivity of power monitoring in the TGS-5BL. The signal 
power is set to be ^00/iW when the attenuator dial reads — lOdbm. 

These resistive elements arc easily burned out if several watts of power 
are accidentally fed into the signal generator from an external source. 
Because of the movement of the attenuator insert in the cutoff tube, 
it is necessary to have a length of flexible cable between the attenuator 
and the signal output jack. 

There is probably some leakage of r-f power from the joint where the 
two halves of the cavity come together, some around the thermistor, and 
some around the attenuator insert. The voltage leads come out of the 
shield box through polyiron chokes. 

4‘13. A Pulsed-lighthouse-tube Signal Generator for the 2700- to 
2900-Mc/sec Region (TS-166). — This is a signal generator with provi- 



Fio. 4-24. — Front-panel view of the TS-155/UP signal generator. 
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sion for measuring power from an external source. A front-panel view 
of the set is shown in Fig. 4-24. It covers the frequency range from 2700 
to 2900 Mc/sec and furnishes pulsed signals only. This generator 
employs a lighthouse tube with an external coaxial cavity. The fre- 
quency and amplitude of the oscillations of the lighthouse oscillator 
are rather insensitive to changes in plate voltage, which places rather 
lax requirements op the regulation of the power supply. Variations 
in construction of individual tubes has led to rather erratic performance 
of the microwave signal generators using them, such as failure to oscillate 
over the entire frequency band, and slow buildup in amplitude of oscil- 
lation when pulsed. Adequate shielding was provided by placing the 
tube and cavity assembly in a metal enclosure and bringing all lead 



Fig. 4-25. — Block diagram of TS-155 signal gonorator. 

wires and tuning controls out through polyirori chokes. The block 
diagram of this set is shown in Fig, 4-25. 

The circuit diagram of the signal generator is shown in Fig. 4'2t). 
The power supply is noteworthy onjy in the fact that so little attention 
is paid to voltage regulation. Two VR tubes are used, one to regulate 
the voltage for the thermistor bridge, and one to regulate the plate 
voltages of Fia, and V^h, to prevent the pulse delay time from varying 
with power-line voltage. 

The oscillator cannot be operated to produce a continuous wave but 
may be pulse-modulated at 120 to 2000 cps with either internal or external 
triggering. The internal trigger voltage is furnished by the blocking 
oscillator Via, When the selector switch is in the position for internal 
triggering, the trigger voltage is conducted also to the ''trigger jacks'' 
so that it may be used as a synchronizing signal to trigger an externa^ 
transmitter. The external trigger pulse may be from 0.5 to 18.0 /isec 
long as measured between the half-voltage points, but the rise time to 












Fia. 4-26. — Circuit diagram of TS-166 signal generator. 







Flo. 4*28. — View of TS-166/UP signal generator showing r-f components. 

The pulse may be delayed in any amount from 5 to 1800 ^sec from 
the synchronising trigger voltage at a repetition rate of 2000 cps. The 
delay range varies somewhat with repetition rate. The delay is varied 
by the potentiometers Pj, Pj in the delay multivibrator V 2 a — Vu- 
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The pulse length is continuously variable from 0.75 to 6.0 /isec at a 
repetition rate of 2000 cps. The range of pulse lengths varies somewhat 
with repetition frequency. Pulse length is varied by means of the 
potentiometer P 4 in the multivibrator Faa — P 36 . The resistor Pg is 
set to give a fixed pulse length when the selector switch is set in the 
calibration position. In the calibration position, the multivibrator 
frequency is also set at about 650 cps so that the proper amount of 
average power is delivered to the thermistor power monitor for calibra- 
tion. The shape of the r-f pulse is 
not all that might be desired. The 
pulse has a rise time of 0.25 /usee from 
10 to 90 per cent voltage, and a fall 
time of 0.3 /usee from 90 to 10 per 
cent voltage. 

The oscillator is a 2C40 light- 
house tube with adjustable coaxial 
cavities, as shown in Fig. 4*27. The 
arrangement of the oscillator and 
associated r-f components can be seen 
in Fig. 4-28, which is a top view of 
the signal generator. No provision 
is made for determining frecpiency 
in this equipment. The oscillator 
cavity can be adjusted until the 
power monitor shows a dip on input 
power. The output frequency of the 
oscillator is then near the frecpiency 
of the input signal. In testing 
radars, this is an aid in adjusting 
the test-signal frequency to that to 
which the receiver is tuned. The r-f power is adjusted to the reference 
level by varying the plate voltage of the oscillator with the selector 
switch in the calibration position. After the reference power level is 
set this way, the repetition rate and pulse length may be changed and 
the pulsed power will remain approxirnately the same. 

Power is monitored by a temperature-compensated thermistor bridge. 
A loop couples power out of the coaxial cavity into a coaxial line. The 
center conductor of this line makes a right-angle bend and goes into a 
T-stub terminated by the thermistor. Power is radiated from this 
right-angle bend into the cutoff tube of the attenuator. This monitoring 
scheme is shown in Fig. 4*29. The variation in output power \\ith 
frequency when the power monitor reads full scale and the attenuator 
is set at —20 dbm is shown in Fig. 4*30. Input-power measurements 
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Attenuator Y 
coupling loop 
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Fig. 4-29. — Schematic diagram of 
monitoring T-junction of the TS-155 
signal generator. 
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may be made in the range from 0 to 200 mw. The attenuator is always 
set for minimum attenuation and the power level read from the monitor 
meter. Figure 4*31 is a typical calibration curve of input power for full- 
scale monitor reading. This monitoring scheme is obviously not well 
suited to input-power measurements. 



Fio. 4*30. — Power output vs. frequency, TS-155 signnl generator. The power monitor 
reads full scale and the output attenuator is set to —20 dbrn. 


The attenuator is of the cutoff type operating in the 77s'irmode, with 
a resistive disk at the point of high impedance near the attenuator cou- 
pling loop. A flexible coaxial cable connects the attenuator insert to 
the output jack. 

The r-f components are well shielded so that the detectable leakage 
power is less than —120 dbw. The heater-current leads for the 2CU0 
are brought out of the cavity through polviron chokes. The plate rod, 

carrying the plate current, is 



brought through a reactance choke 
and a polyiron sleeve. The insu- 
lated thermistor lead passes through 
a polyiron choke. All other joints 
and connections are made to fit well 
and are assembled very tightly. 

Calii)ration of this set is com- 
plicated by the inability of the set 
to operate with the oscillator pro- 
ducing c-w power and by the large 
minimum attenuation of the atten- 
uator. The repetition rate and the 
pulse length, as well as the average 
output power, must be accurately 
determined in order to determine the pulse power. The average output 
power is only about 2 to 3 gw, at most, and hence is difficult to measure 
even with a sensitive thermistor bridge. If the pulse power is determined 
at minimum attenuation, the signal is introduced into a spectrum analyzer. 


2500 


3300 


2700 2900 3100 

Frequency in nK/$ec 

Fig. 4*31. — Calibration curve for power 
input vs. frequency, TS-155 signal 
generator. 
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The signal is compared with that from another oscillator whose output 
power is reduced by an accurately calibrated attenuator. 

4‘14. An F-m and C-w 9000-Mc/sec Signal Generator (TS-147). — 
This signal generator, a front-panel view of which is shown in Fig. 4-32, 



Fkj. 4-32. — The TS-147/l^P generator. 



Fia. 4*33. — Bloek diagram of TS-147/UP signal generator. 
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was designed for measuring both input and output power and frequency 
in the frequency range from 8500 Mc/sec to 9600 Mc/sec. The block 
diagram of the set is shown in Fig. 4-33. 

The generator may be operated to produce a continuous wave or f-m 
signals by means of a sawtooth voltage generated by a blocking oscillator. 

Synchronization may be accomplished either by an external trigger 
voltage or by r-f pulses coming into the input-output jack of the signal 



Fiu. 4-35. — K-f components of the TS-147/UP signal generator. The waveguide and 

accessories are painted black. 


generator. A small amount of the power coming from an external 
transmitter is coupled through a — 35-db iris into a crystal rectifier. 
The video pulse from this crystal is amplified by the two-stage amplifier 
and is used in the same way as an external trigger voltage. Triggering 
takes place at r-f power levels of from 5 to 500 watts with pulses of 
0.5- to 6-Msec duration. External positive trigger voltages of 10 to 
50 volts and 0.5- to 20-Aisec duration are capable of triggering the blocking 
oscillator. The sawtooth sweep voltage can be continuously adjusted to 
give sweep rates of 0 to 2 volts per /Ltsec, which correspond to 0 to 6 Me/ sec 
per /isec of frequency modulation. The sawtooth sweep may be delayed 
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by any amount from 3 to 50 /xsec after the triggering voltage. The 
circuit diagram is shown in Fig. 4-34. 

The 2K25 oscillator is a reflex velocity-modulated tube with an 
antenna which radiates the power into rectangular waveguide. It is an 
internal-cavity tube with mechanical tuning. Figure 4*35 is a photograph 
showing the oscillator and other r-f components of the test set. 



The frequency meter is a cylindrical resonant cavity of variable length 
which normally operates in the TJ^on-mode. It bears a spirally engraved 
dial with engraved marks 1 Mc/sec apart. It has an absolute accuracy 
of ±2.5 Mc/sec at 25®C and 60 per cent relative humidity. The relative 
accuracy is ±1.0 Mc/sec for frequency differences of less than 60 Mc/sec. 
The wavemeter Ls coupled to the waveg\iide by means of a hole in its 
side. Its response to c-w signals within the frequency band in spurious 
modes is at least 20 db less than the response in the T^ou-niode. The 
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variation in response with frequency on input signals is about ± 16 per 
cent, but on output power the variation is about ± 30 per cent. 

As can be seen from Fig. 4*36, the wavemeter coupling iris is directly 
opposite the generator arm of a waveguide T. It will also be noticed 
that a small pin projects inward from one wall of the waveguide. This 
pin tends to match out the reactance of the wavemeter hole when the 
wavemeter is not resonant. The generator arm of the T may be closed 
off by an r-f switch, which is the movable metallic plate located just 
above the tuning pin. 

A metalized-pyrex vane attenuator is used to reduce the r-f power 
to the reference level. Power is monitored by a thermistor and tempera- 
ture-compensated bridge. A meter-shunt resistor is attached to the 
thermistor mount to compensate for the variation in sensitivity of 
different thermistor beads. In this way, the thermistor mount can be 
replaced in the field without having to recalibrate the power monitor. 
A noteworthy feature of the mount is the fact that there is very little 
leakage from it. Leakage is prevented by having a waveguide-bey ond- 
cutoff tube extending beyond the coaxial tuning stub, and by surrounding 
the fixed coaxial stub with polyiron. The thermistor bridge is balanced 
when the reference power, 1 mw, is applied to the thermistor element. 
The meter-balance control decreases the d-c power to the thermistor by 
I mw. As a result the thermistor always has the resistance at which 
it was tuned for best match when the r-f power was measured. It should 
be noted, however, that when the set is switched to f-m operation, the 
average power delivered to the thermistor is very small; therefore, unless 
the bridge is rebalanced, the thermistor will not be at its proper value 
and its standing-wave ratio will probably be increased. This change in 
standing-wave ratio causes a change in the division of power at the T 
and a different proportion goes into the output line. For the same 
reason, replacement of the thermistor mount by one whose standing- wave 
ratio varies with frecpiency in a slightly different manner, even though it 
has a sensitivity-compensating meter-shunt resistor, alters the output 
])ower of the signal generator somewhat from that shown by the calibra- 
tion curve which was made with the original mount. With the r-f switch 
closed, the T is cut off and the error of the thermistor in measuring 
input power is only that from reflection. Typical calibration curves 
for both input and output power are given in Fig. 4-37. 

The two calibrated attenuators and the power-set attenuator are all 
metalized-pyrex vanes which are moved from the sidewall of the guide, 
where there is no electric field, to a point near the center of the guide, 
where the electric field is a maximum. The two calibrated attenuators 
are alike, except that one, known as a step attenuator, has only two 
positions differing in attenuation by 40 db. The other attenuator is 
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continuously variable over an approximate 40-db range. The frequency 
sensitivity of attenuation of this type of attenuator has the characteristic 
of being almost zero for minimum attenuation, increasing slowly to 
about the 20-db range, and then decreasing to nearly zero at about 40 db. 
Above 40 db, the frequency sensitivity increases more rapidly and is 
opposite in sign to that at attenuations less than 40 db. These facts 
dictated the use of a 40-db step attenuator, but the choice is a desirable 
one also from the standpoint of calibration as it divides the total attenua- 
tion into two nearly equal parts. When the selector switch is in the 
position for measuring input power, the step attenuator is in the position 
of minimum attenuation and input powers of +7 to -f- 30 dbm can be 
measured. When the s^\dtch is in the position for testing receivers, the 
step attenuator is at the 40-db position and the output power may be 
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Fio, 4*37. — Sample calibration for a TS-147/UP signal generator; (a) gives the calibration 
for output power (6) for imput power. 


varied from —42 to —85 dbm. When the switch is set at the third 
position, the step attenuator is at minimum value, giving output powers 
of approximately —7 to —30 dbm. The waveguide is terminated in a 
coaxial adapter. A flexible coaxial cable is used to conduct power into 
or out of the test set. 

The set is well protected from r-f leakage by making each component 
leaktight. The leakage protection of the thermistor mount has already 
been described. The 2K25 is housed in a cast-aluminum cylinder, the 
lid of which has a polyiron choke-ring. The voltage leads are pressed 
into a single piece of nonconducting polyiron that fits tightly into a 
sleeve. The tuning adjustment is a bakelite rod passing through a long 
metal sleeve that acts as a waveguide beyond cutoff. The output 
antenna of the oscillator passes through a reactance choke before entering 
the waveguide. The video lead from the crystal passes through a 
polyiron choke. The waveguide sections each end in a flange. Each pair 
of flanges has a silver-plated washer (about 0.003 in. thick) clamped 
between the pair. No special precautions are taken to prevent leakage 
around the rods that actuate the attenuator strips other than having 
the parts fit tightly. The metal rod that operates the r-f switch passes 
through a polyiron block retained in a close-fitting sleeve. 
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4*16. An F-m and C-w Signal Generator for the 24y000-Mc/8e€ 
Region* — This signal generator produces signals and is designed 
for measuring the output power and frequency of transmitters in the 
region 23,500 Mc/sec to 24,500 Mc/sec. Figure 4*38 is a photograph 
of the front panel. A block diagram of this test set is essentially the 
same as that shown for TS-147 (Fig. 4*33) except for the arrangement of 
r-f components. 

The circuit diagram of the signal generator is shown in Fig. 4*39, 
except for the power supply. The electrode voltages for the oscillator 
are electronically regulated, and a ballast lamp is provided to regulate 



Fig. 4-38. — A 24,000-Mc/scc signal generator. 


the heater current for the cathode of the triode tuner and the electron 
gun. This feature contributes a great deal to the frequency stability of 
the r-f oscillator. 

The sawtooth sweep which is used to frequency-modulate the r-f 
oscillator is generated by a triggered blocking oscillator. An external 
trigger may be introduced, or if the set is connected to a transmitter 
which produces short pulses of r-f power, the blocking oscillator will be 
automatically triggered. This automatic triggering is accomplished by 
coupling a small amount of power from the main transmission line through 
a 43-db coupling iris into a crystal. The output voltage of this crystal 
is amplified by a 3-stage video amplifier and used as the trigger. Auto- 
matic triggering will take place at input powers ranging from 150 to 
1000 watts. 

The oscillator is a 2K50 internal-cavity, reflex, velocity-modulation 
tube with thermal tuning. The thermal-tuning current, which expands 



0.0002 ceramic 



Regulated power supply for h v circuits Thermistor bridge 

Fig. 4*39. — Schematir circuit diagram of the 24,000-Mc/8ec signal generator. 
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a strut and distorts the oscillator cavity, is regulated by the grid voltage 
of a triode housed in the metal shell of the oscillator tube. 

The frequency is determined by means of a cavity wavemeter. This 
is a hybrid cavity, being partly coaxial and partly cylindrical.^ The 
frequency is read in megacycles per second, on a counter geared to the 
tuning rod, to an accuracy of less than 0.1 per cent at all parts of the 
band. While this accuracy is sufficient for most absolute frequency 
measurements, it is not good enough for many measurements of small 
frequency differences, such as between the transmitter and local-oscillator 
frequencies. Where higher accuracy is required, a calibration curve is 
furnished with the equipment. The wavemeter cavity and tuning rod 



Power in 

Power out 

Fio. 4-40. — Block diaKrHin nhowinK directional-coupler arrangement. 

are made of silver-plated invar to minimize the change in resonant 
frequency with temperature. The resonant frequency varies by about 
14 Mc/sec from expansion when the temperature changes from —40° 
to +55°C. The maximum variation of the resonant frequency from 
humidity changes in the same temperature range is about 12 Mc/sec. 
In the worst case, these frecpiency variations are additive. 

In order that the wavemeter give a dip on both input and output 
power, it is located between the input directional coupler (0-db coupling) 
and the output directional coupler (10-db coupling). In this way, the 
output signal passes first the wavemeter, then the first output coupler, 
and finally, the thermistor. An input signal, on the other hand, passes 
through the G-db input coupler, then the wavemeter, and is finally 
absorbed in the thermistor. This can be seen at once in Fig. 4-40 which is 
a schematic drawing of the r-f circuit. Figure 4*41 shows in more detail 
how the switching is accomplished. 

‘ See Sec. 5- 19, for a description of this cavity. 
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An uncalibrated attenuator is provided so that the output power 
of the 2K50 may be cut down to 1 mw as shown on the power monitor. 
This attenuator, which is a dissipative-vane type, also provides padding 
which minimizes pulling of the oscillator by the wavemeter when it is 
resonant. This attenuator is marked power set on the block diagram. 

The power monitor is a thermistor used as one arm of a bridge circuit 
and compensated for thermal effects. The error from mismatch of this 
thermistor mount has a maximum value of about 7 per cent. The 
mechanical zero of the power-indicating meter is set with the needle 
pointing straight up. This point is marked 1 mw and 0 dbm. A meter 
SET knob is provided which varies the current to the thermistor bridge. 
This knob is adjusted to make the meter read 0 mw when the power set 
attenuator is in the position of maximum attenuation. The effect is to 
reduce the d-c power to the thermi.stor by 1 mw. A lock is provided so 
that once the meter set adjustment is made, it cannot be altered 
accidentally. The poweU set attenuator is then adjusted until the meter 
reads 1 .0 mw and locked. The bridge is now balanced and the thermistor 
resistance is that at which it was tuned for best match. 

Errors that might arise from standing waves in the various trans- 
mission lines are avoided by the use of directional couplers. It is neces- 
sary to introduce an r-f switch (in this case a fixed attenuator with a 
carbonized vane) into the input power line in order to prevent errors from 
leakage of power around this path. This leakage power is caused by 
reflection from the thermistor mount, imperfect directivity of the 6-db 
coupler and reflection from the termination of the primary input power 
line. Because of the coherent nature of the leakage and the signal, 
the error may be much worse than it would seem at first glance. The 
directional couplers which are involved in the attenuation of input and 
output signals are of the branched-guide type because of their small 
variation of coupling with frequency, and the relatively good match 
that they present to the line. 

The calibrated attenuator consists of a resistive strip that can be 
rotated into the common input-output waveguide. In this way the 
attenuator dial can be marked with a single set of marks and attenua- 
tions in decibels below 1 mw engraved on the upper half of the dial 
for receiver testing, while figures representing decibels above 1 mw 
are engraved on the lower half for use in testing transmitters. A 
fixed attenuator of the proper value is inserted into one of the waveguides 
by operation of the recv-tran switch to make round attenuation figures 
(such as —60, +30) occur on the same calibration mark. This attenu- 
ator is removed from the power-output line in the test position of the 
recv-tran switch so that the signal may be increased by approximately 
17 db above the maximum calibraled signal level. The attenuation 
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figures marked on the dial of the calibrated attenuator refer to the ratio 
of the power at the output waveguide to the power measured by the 
thermistor. This includes the attenuation of directional couplers and 
fixed attenuators as well as the calibrated attenuator itself. 

Since both coaxial cables and spirally wrapped flexible waveguides 
tend to be lossy and sensitive to flexing at these frequencies, a vertebrae- 
type flexible guide is furnished to connect the signal generator to the 
directional coupler of the transmitter or receiver waveguide or other 
test point. The output waveguide of the signal generator proper has 
a polyglas plug near its opening that prevents foreign matter from getting 
into the waveguide. This plug has matching steps on each side to 
minimize reflections from it. 

The signal generator has been carefully designed to have a mini- 
mum of r-f leakage. The 2K50 tube is held in a leaktight aluminum 
shield and the voltage leads come out through polyiron chokes. The 
main body of the r-f circuit, which includes attenuators and directional 
couplers, is the most novel feature of this test set. The waveguides, 
including the directional couplers, are milled into two flat pieces of 
aluminum. The two pieces are then bolted tightly together to form the 
waveguides. The result is a very leaktight system. The wavemeter 
barrel is dropped through a hole in the aluminum plates and a take-up 
nut pulls it into such close mechanical contact with the plates that no 
leakage is detectable. 


MICROWAVE NOISE SOURCES 

4-16. Noise Sources at Microwave Frequencies. — The difficulties of 
calibration and construction of c-w signal generators have lent con- 
siderable favor to the use of noise sources, which are much more easily 
constructed and in some cases are considerably more rugged and stable. 
In addition, some noise sources are absolute in the sense that they 
emit microwave noise of an amount given by physical constants and 
measurable parameters. Such noise sources can rightly be considered as 
the ultimate standards of power measurement; consequently, apart from 
their convenience, noise sources are necessary tools in fundamental 
studies. Since the sources of noise are frequently just those which limit 
the sensitivity of receivers, the magnitude of noise power is already in 
the range required for the receiver measurements and the sources need 
little or no shielding or attenuation. This may, however, be disadvan- 
tageous if larger powers are required and constitutes perhaps the only 
serious limitation of noise sources. 

It is convenient to divide noise sources into two categories, thermal 
sources and shot-noise sources. The physical met^hanisms of noise 
production are quite different. Thermal sources are thermodynamic 
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systems and so arc characterized by their absolute temperature T. Hot 
bodies such as incandescent filaments, hot transmission-line loads, 
furnaces, and the sun are practical examples of thermal-noise sources. 
Shot-noise sources employ moving electric charges, particularly electrons 
in vacuum tubes or metal-semiconductor contacts. Both thermal and 
shot-noise sources produce known amounts of noise, the former given by 
the equations of radiation theory and the latter by Schottky^s equation 
or its modification. They are thus absolute sources. In practice, 
however, it is not always possible to apply the theory directly to the device 
in order to calculate the noise power generated. Such devices become 
secondary sources of noise and must be calibrated against some standard 
signal source. They may, however, retain the form of variation given by 
the theory so that extrapolation is possible around the calibration point. 

A noise source and a load will be connected by a transmission system. 
It may be a simple transmission line or a complicated system of antennas, 
reflectors, transmission lines, or transformers. In any case, a cut can be 
made in the system at any point, dividing the load from the source. 
The terminals thus exposed are those of the source and the load. At the 
source terminals the available power in a frecjuency range df centered at 
the frequency /, for a thermal source at temperature is kT df. The 
quantity 7' is called the noise temperature of the source. In the case of 
sources which are not thermal this representation may still be used, and 
T becomes the temperature of a thermal source having the observed 
available power. The noise temperature of a source may therefore be a 
physical parameter of the source or entirely fictitious. In any case, the 
noise temperature of a source completely specifies the available power. 
The available power from a source of noise temperature T is the power 
absorbed by a load at 0°K having a bandwidth df at frequency / and 
having an impedance ecpial to the complex conjugate of the source 
impedance at the exposed terminals. 

The load most frecpiently u.sed in conjunction with a noi.se .source is a 
receiver. The commonly accepted criterion of receiver performance, 
namely, the receiver noise figure, has been defined in Sec. 4T. 

4‘17. Thermal Noise Sources. Hot Trarisrnissioii’-lirie Loads. — Per- 
haps the most absolute of the various noise sources is a matched trans- 
mission-line termination that can be heated to a known temperature. 
For calibrating receivers, the temperatures required may be quite high 
since noise figures of even the best receivers correspond to about 2000°K. 
For special receivers, designed for temperature measurement exclusively, 
the reejuired temperatures are much lower. Dicke’s microwave radio- 
meter,^ for example, reepures a noise source only some 10 to 50® above 
room temperature. 

‘ H. H. Dirke, “Thr MraHuroiiK'nt of Thermal Iladiation at Microwave Fre- 
quencies," RL Report 787, Auj?. 22, 1045. 
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Payne-Scott^ has described a 10-cm thermal noise source employing 
a tungsten-filament lamp mounted across a waveguide. The filaments 
are arranged in a cylindrical structure, the wires being parallel to the 
axis of the cylinder, and to the electric field in the waveguide. The 
author states that no appreciable power is absorbed in the glass envelope 
or lamp base, and that little difficulty was experienced in matching the 
device to the waveguide. Hansen^ has described a hot load employing 
a heated filament as the central conductor of a coaxial transmission line. 
Noise in excess of that given by the filament temperature was observed, 

but no explanation was offered. 
Dicke® has constructed a very 
simple hot load for the calibration 
of a 1.25-cm radiometer. (See 
Fig. 4-42.) It consists of a care- 
fully tapered polyiron plug fitted 
into a section of waveguide. With 
a suitable taper it is matched over 
a broad frequency [ band. A 
thermocouple or bimetallic ther- 
mometer is attached to the wave- 
guide. The whole is suiTounded 
by a heating coil and an insulating 
jacket. The load can be heated from 100° to 150°C without damaging 
the polyiron or affecting the match. 

The Sun , — The hot waveguide loads described are merely simple cases 
of thermal noise sources, which in general may take any form so long as an 
electrical connection can be made with a receiver. If the receiver is 
provided with a narrow-beam antenna, the sun is a suitable noise source. 
If the sun^s temperature is T,, the antenna gain 6', and the solid angle of 
the sun then the available power at the receiver is 



Fia. 4-42. — Tapered polyiron 
hot load. 


wave^nilde 




( 14 ) 


if there is no attenuating medium between the sun and the receiver, and 
provided that Gl2,/4/ < 1. This latter condition implies that the 
antenna pattern is broad compared with the aperture of the sun. If 
the reverse is true, the available power is just k7\, 

^ Ruby Payne-Scott, “A Thermal Noise Generator for Absolute Measurement of 
Receiver Noise Factors at 10 cm,’^ Radio Physics Laboratory Report 3924, May 29, 
1944. 

* W. W. Hansen, unpublished experiments reported in lectures given at RL 
Seminar. 

* Dicke, loc, cit. 
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G. C. Southworth^ has reported measurements on the noise from the 
sun at 10-, 3.2-, and 1.2-cm wavelengths. He finds the 10- and 3.2-cm 
measurements agree quite well with Eq. (14) using the optical values, 
Tt = 6000®K, and an angular sun diameter of 32'. He received, how- 
ever, much less than the calculated noise at 1.2 cm. This has not been 
confirmed by the recent experiments of Dicke^ with the 1.25-cm radio- 
meter. Measurements* during the solar eclipse of July 9, 1945 were 
particularly sensitive to the sun’s aperture which was found to be not 
greater than 10 per cent in excess of the optical value. The sun’s 
temperature was measured as 10,000®K, considerably above the optical 
value and in the opposite direction from the discrepancy observed by 
Southworth. Much more work will be necessary to give a definitive 
answer to these difficulties. 

In the wavelength region below about 2 cm, corrections must be 
applied^ for the attenuation in the atmosphere when using Eq. (5). 
Also a correction must be made if any appreciable part of the antenna 
pattern falls on the terrestial objects for which the characteristic noise 
temperature may be in the range 100° to 300°K. 

4*18. Shot-noise Sources. — Vacuum-tube noise sources have long 
been used at ordinary radio frequencies. In particular, the temperature- 
limited diode has served as an absolute source of noise for the calibration 
of receivers. At microwave frequencies, the shape of the conventional 
diode is not convenient because of the necessary smallness of the tubes 
and the distributed impedances of their leads, and other forms of vacuum- 
tube noise sources have been developed. Nevertheless, some attempts 
have been made to employ diodes. Breazeale and Beers^ have described 
a diode which formed an integral part of the mixer circuit in a 10-cm 
receiver. The mixer was tuned for signal match with the diode in place. 
It was found that the diode current and noise temperature were roughly 
proportional. The device, however, was not convenient to tune and 
recpiired its calibration in situ. The shot-noise source described by 

' O. C. Southworth, J. Franklin Inst. 239, 285 (1945). 

* R. H. Dicko, U. L. Kyhl, A. R. Vane, and H. Reringer, “The Absorption of Atmos- 
pheric Water- Vapor in the K-band Region,” RL Report 1002, Jan. 15, 1946, Phys. 
Rev. 70, 340 (1946). 

* R. H. Dicke and R. Beringer, Astrophys, J. 103, 375 (1946). 

* J. H. Van Vlcck, “Atmospheric Absorption of Microwaves,” RL Report 175, 
Apr. 27, 1942; “Further Theoretical Invcstigationa on the Atmospheric Absorption 
of Microwaves,” RL Report 664, March 1, 1945. R. Beringer, “The Absorption 
of One-half Oentimcter Klectromagnetic Waves in Oxygen,” RL Report 684, January 
26, 1945, Phys. Rev. 70, 53 (1946). Dicke, Kyhl, Vane, and Beringer, loc cit. 

‘ W. M. Breazeale and Y. Beers, “Use of a Temperature-Limited Diode in Meas- 
urements of Noise Figures of Crystals,” RL Report 294, Feb. 27, 1943. 
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Fio. 4-43. — Circuit of a nouse klystron. 


Waltz and Kuper^ is much more versatile. This source, which employs 
a shot-noise-excited, tuned cavity is commonly called the noise klystron. 

Present noise klystrons are adapted from velocity-modulation oscil- 
lators. The electrons are accelerated from the cathode; some of them 
pass through the cavity gap, and are collected by the reflector, using 
the circuit of Fig. 4*43. 

The electron beam induces shot-noise currents in the cavity which 

can be extracted in the usual way 
with loops, probes, or irises. All 
frequencies in the pass band of the 
cavity will be present, a spectrum 
several megacycles per second w ide. 

The mode of noise production in 
the noise klystron is in some w'ays 
similar to that in a conventional 
diode. Fluctuations in the beam 
current, arising from the discrete- 
ness of the electronic charge, induce currents in the cavity as ih the anode 
circuit of a diode. The roles of space charge and of transit time are some- 
w'hat different, how ever. Since no virtual cathode ever exists between the 
cavity grids, and since the radio-frequency circuit appears between these 
grids, there can be no compensation of fluctuation currents in the electron 
beam such as accounts for the space-charge reduction of diode shot-noise. 
The electron beam through that gap is therefore temperature-limited. 
Only if the grids are very poor w ill this be modified, and even in this case 
there wdll be little reduction because of the 
very large drift angles between cathode and 
cavity. 

The transit-time effects observed in a con- 
ventional diode arise from the finite time 
required of an electron to traverse the cathode- 
anode space in the accelerating field. The 
transit-time reduction of noi.se is dependent on 
the form of this accelerating field and differs 
for different field configurations. In the noise klystron there is no 
accelerating field in the gap. It is neee.s.sary, therefore, to treat the noise 
production by a beam of electrons of essentially uniform velocity dis- 
tributed at random in time. 

If the grids were perfect conductors of current, each electron would 
induce in the cavity a current pulse with straight sides and top as in 

Fig. 4-44 for which ^ i(t) dt = e (electronic charge). In a frequency 

* M. C. Waltz and J. B. H. Kuper, “Simplified Measurement of Receiver Sensi- 
tivities (S-Band Noise Sources), UL Report 443, Sep. 17, 1943. 
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where 6 = 27r/r is the transit angle. This noise current is identified 
as a current generator appearing in shunt with the gap conductance, 
Fig. 4-45, which is made up of ohmic cavity losses and any loading caused 
by the beam. The available power from the device is Af 2 / ig. Obviously 
Ai^ is reduced from its low-fre(iuency value for any 
finite transit angle. This equivalent circuit has 
been checked by Waltz by measuring the output 
noise and the cavity bandwidth and calculating g 
from the bandwidth and gap capacitance. 4-45.— Equiva- 

For a real tube with imperfect grids, the situa- circuit of notse 

tion is quite similar except that the beam coupling ^bbtron. 
coefficient is a more complicated function of the transit time since the elec- 
tron current pulse has rounded corners that are caused by the field which 
leaks into the cavity before the electron enters and after it leaves the gap, 
as shown in Fig. 4-4(). This will distort and remove the zeros in the beam- 
coupling coefficient. An exact calculation of this effect has not been 
made, largely because the device is not \ised as an absolute source, since 




Enters Leaves 


the conductance g is not known with any 
certainty. Transit -time considerations are 
used only to .select a region in which Ai- is not 
a rapid function of the transit angle. For this 
j)urpose, the transit angle is calculated from 


gap gap 

Fio. 4-46.— CurriMU 
in a noise klystron with im- 
perfect grids. 


2i rfd ^ 

5.1K)(10)» V?’ 


( 10 ) 


where d is the gap space in centimeters and V the electron energy in 
electron-volts. 

Since the noi.se klystron is used as a relative source, the transit-time 
reduction in shot noise is not objectionable. The transit angle changes, 
however, with frequency and with changing gap space if the cavity is 
tuned in that manner, requiring that the device be calibrated anew 
at each frequency in the tuning range of the tube. It is therefore desir- 
able to reduce 6 as much as pos.sible, usually by increasing the accelerating 
voltage as much as tube construction permits. The effects of transit 
time are illustrated in Fig. 4 47, which is taken from Waltz and Kuper, 
and in which the equivalent noise temperature is plotted vs. X for different 
accelerating voltages at constant current. 
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Throughout a considerable range of cathode currents the equivalent 
noise temperature or output noise power is found to vary directly with 
cathode current as given in Eq. (15). For larger currents the noise 
saturates, the saturation current increasing with increasing acceleration 
voltage. This effect is not completely understood, but focusing diffi- 
culties play some part since the measured cathode current is not the 
true beam current and the cathode current will increase more rapidly 



Fio. 4-47. — Noiso temperature of a Sperry 417-A Klystron in the lO-nn roRion as a 
function of accelerator voltage and wavelength at a constant cathode currorit t)f 0.86 ma. 
This source had a measured bandwidth (to 3 db points) of 1.8 Mc/scc. Noise tem|)eraturcH 
are referred to the cavity coupling loop, that is, corrected for cable loss. 

than the beam current under defocusing conditions. Hearn lotuling 
does not seem to be a contributing factor as measurements show no 
increase in cavity bandwidth with increasing cathode current. Figure 
4*48 taken from Waltz and Kuper illustrates this effect. 

A practical noise source for the 10-cm region can be easily constructed 
following Waltz and Kuper. A Sperry 417-A Klystron is connected as 
shown in Fig. 4-49 or Fig. 4-50. The coupling loop feeds a 50-ohm coaxial 
cable of some 5-db loss so that the device w ill appear as a matched source 
at signal frequency. The output noise is varied by changing the cathode 
temperature as in Fig. 4-49, or alternatively by adjusting the control-grid 
bias as in Fig. 4*50. These two methods give the same output noise for 
equivalent cathode currents. The curves of Fig. 4-47 and Fig. 4-48 were 
taken with such a tube. It is noticed that no accelerator-voltage rcgula- 
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tion is incorporated in the power supplies; it is unnecessary since the 
noise temperature is almost saturated with respect to accelerator voltage 
at 1500 volts. The device has a relatively broad band (2.5 Mc/sec to 
3-db points), and displays the cavity resonance curve. Once it has been 
calibrated, it can be used over long periods of time under even extreme 
handling conditions, and it is certainly as stable as the best continuous- 
wave signal generator used under laboratory conditions. 



Fi«. 4-48. — Noise temj>erature of a Sperry 417-A Klystron at 8.86 cm as a function of 
cathode current. Acceleration voltage is 1800 volts. Noise temperatures are referred to 
the cavity coupling loop, that is, corrected for cable loss. 


A number of these 417-A Klystron noise sources have been constructed 
for receiver calibrations in the field. Recently, it was found that some 
tubes were unstable and did not have noise temperatures that were 
linear in cathode current. These tubes are, in general, gassy and thus 
precautions should be taken to obtain hard tubes. 

In the 3-cm region similar noise sources have been constructed using 
Sperry 419 and Western Electric 723A/R Klystron tubes. Both tubes 
require very high voltages because of the rather large transit angles. At 
2200 volts of accelerating potential, the 419 was still in a region of rather 
large transit angle and the output noise was a critical function of voltage 
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and frequency. The 723 tube does not permit accelerating voltages much 
above 750 volts and displays the same effect. 

These difficulties are in accord mth kno^vn grid spacings using Eq. 
(15). A tube with smaller grid gap is desired at this frequency. Transit- 



Fio. 4-49. — Cathode-teraperature-controlleci noise source and power supply. 


angle considerations are quite stringent, especially for tubes in which the 
gap spacing increases with tuning to higher frequencies. Tubes essen- 
tially free of these effects could be built for the 10-, 3.2-, and 1.25-cm 
regions with gap spacings of 0.031, 0.010, 0.004 in. corresponding to 
^ = x/4 at an accelerating potential of 1000 volts. At such a transit 
angle, doubling the gap space would reduce the output noise power by 
15 per cent at most. 



Fio. 4-60. — Grid-controlled noise source and power supply. 


4*19. Crystal Noise Source. — It is generally known that the noise 
from a crystal mixer at ordinary radio frequencies is greater than that 
from a room-temperature resistor and that some part of this noise arises 
from the passage of electrons across the metal-semiconductor boundary 
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layer. Very high noise temperatures are observed, particularly for cur- 
rents in the reverse or high-resistance direction. While this phenome- 
non may be troublesome in a crystal mixer, it offers a possible source of 
microwave noise, since the crystal also generates noise at microwave 
frequencies. 

The behavior of electrons in a crystal boundary layer is in some ways 
similar to that in a diode. The electrons move through a region in which 
the electric potential is varying somewhat as 
in Fig. 4-51. The width of this boundary 
layer is rather small (10“® cm).^ Electrons 
will cross the barrier in both directions and 
for electrons moving from the semiconductor 
to the metal, the average distance which they 
must travel (10“* cm) is small compared to 
their mean free path. Thus, as in a diode, the 
electrons move through a region in which 
the electric field is the dominant force. 

When a potential is applied across the crystal, there will be a net 
current in the conventional direction. For reverse or back voltages 
applied, the current increases somewhat more rapidly than linearly with 
the voltage, largely because of the lowering of the barrier by the Schottky 
effect. The differential resistance slowly drops from say 10^ ohms at 0 
volts to 200 ohms at 5 volts in the back direction. Currents of several 

milliamperes are obtainable. 

These currents are composed 
of uncorrelated electrons since 
there are many electrons in the 
conductor band. The.se electrons 
induce shot-noise voltages across 
the barrier and electron transit- 
angles are negligible even at the 
highest microwave frequencies. 
The barrier should, therefore, 
behave as a temperature-limiteil diode with a noise temperature of 

T = '’2!^ = 5800//?. (17) 

where I is the back-current and R the differential resistance of the 
barrier at that current. 

Equation (17) is known to give the correct order of magnitude of 

^ H. A. Betho, “Theory of High Frequency Rectifiers for Silicon Crystals,” RL 
Report 184, October 29, 1942; “Theory of the Boundary I^ayer of Crystal Rectifiers,” 
liL Report 185, November 23, 1942. 








Fig. 4-51. “ Metal semicon- 
ductor boundary layer with no 
applied potential. 
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observed noise temperatures. It seems desirable, however, to modify 
this expression to take account of the spreading resistance Rs and the 
capacitance C associated with the barrier.. The equivalent circuit, 
instead of being simply a current generator in shunt with R, is more 
complicated (see Fig. 4-52). The noise temperature of this circuit is 
approximately 

elR _ 58007ff 

^ 2k{R.Roi^^C^ + 1 ) {R,Ra>^C^ + 1 )‘ 

Figure 4*53 shows the variation of T with I for several 1N2G crystals; 
the measurements were made by R. H. Dicke at 1.25 cm. 



0 2 4 6 8 

Back current ma 

Fio. 4*53. — Noise temperatures of some 1N26 crystals at a wavelength of 1.25 crn. 


In the calibration and use of noise crystals, several precautions must 
be observed. In the first place, a moderate back current, for example, 
3 to 4 ma should be used. Higher currents cause instability in both 
the back resistance and the noise power. Furthermore, no sources of 
microwave power should be incident on the crystal. In particular, 
local-oscillator power from the receiver being tested will heat with the 
noise produced, giving very complicated effects. The circuit usually 
used is shown in Fig. 4-54. With the mixer M matched at the i(x;al- 
oscillator frequency, no local-oscillator power is incident on the noise 
crystal. 

The noise temperature is usually calibrated with a receiver matched 
at signal frequency. The matching transformer is adjusted to match 
the noise crystal with the desired back current flowing. The line is 
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then broken at A and the noise-crystal circuit replaced by a matched load 
for the receiver noise-level measurement. This is better technique than 
turning off the noise current since the r-f noise-source impedance changes 
markedly with noise current. When measurements are made with an 
unmatched signal source, the noise source is replaced by a passive load 
having the noise-source impedance. 

The bandwidth of a crystal noise source is largely determined by the 
crystal holder and passive circuit elements in the crystal cartridge. It 
will usually be very broad (2 per cent to 10 per cent). The noise at image 
frequency will, therefore, be essentially as large as at signal frequency 
and corrections must be made for it. 


10 ma 



Fiq. 4-54, — Circuit for measuring noise temperatures of crystals. 

As the mixer is also usually broadband compared with signal-image 
separation, the correction is quite simple and Eq. (9) Sec. 4-1 can be used. 

Noise crystals have been used somewhat in the 3-cm region, but chiefly 
in the 1-cm band. The results of Dicke and Pound give noise tempera- 
tures of 3000° to 6000°K for back currents of 3 to 5 ma at 1.25 cm with 
1N2G crystals. Life tests were not entirely conclusive but indicate that 
the noise temperatures decrease and resistances increase during extended 
operation. At 3.2 cm, noise temperatures are generally higher, being 
5000° to 9000°K for back currents of 3 to 4 ma with 1N23 crystals. 

Before concluding, it should be mentioned that there is evidence of 
other than shot-noise contributions to crystal noise temperatures. 
For example, ‘^burning'’ crystals with electrostatic discharges usually 
increases the noise. Also the observed noise temperatures are frequently 
in excess of those given by Eq. (17), Notliing quantitative is known of 
these contributions. 
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CHAPTER 5 


THE MEASUREMENT OF WAVELENGTH 

By Robert Beringer 

At ordinary radio frequencies, wavelengths or frequencies are often 
measured with a wavemeter that consists of a resonant circuit composed 
of inductances and capacitances. This is coupled to the source and to a 
device which indicates resonance in the circuit. With proper design, 
the system is resonant at a single frequency^ for each set of inductance 
and capacitance values and it is possible to calculate the resonant fre- 
quency from a knowledge of these values. If the wavemeter is to be 
tunable, some means must be provided for varying the inductances and 
capacitances in a known manner. In addition a calibration point is 
sometimes provided by a comparison with a frequency standard. 

At microwave frequencies such circuit elements lose their utility for a 
number of well-known reasons and it is common to build resonant circuits 
in the form of cavities. Under certain conditions it is possible to calculate 
the relevant circuit parameters of cavities from the dimensions, a practice 
which corresponds to the low-frequency calculation of inductance and 
capacitance from the dimensions of coils and condensers. In this sense 
a cavity is a standard circuit element, particularly convenient at micro- 
wave frequencies where frequency standards are rather difficult to build 
and operate. 

Strictly speaking, a cavity is a dielectric region completely surrounded 
by conducting walls. The electromagnetic fields in such a region can 
assume a variety of spatial configurations. At certain frequencies and 
for certain configurations, the system is resonant; that is, electromagnetic 
energy is stored over time intervals long compared with the wave period. 
These resonant solutions are called the normal modes of the cavity. For 
a cavity of given dimensions the corresponding resonant frequencies and 
spatial configurations are completely specified. Conversely, for a 
given mode and resonant frequency, the dimensions are uniquely deter- 
mined, making it possible to determine distances with the use of a fre- 
(juency standard. 

If the normal modes of a given cavity are examined, it will be found 

' There will, in general, be other resonances at much higher frequencies. These 
are not given by the simple analysis in which coils and condensers are approximated 
by L and C. 
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that there is an infinite set of resonant frequencies having a lower bound 
but no upper bound. The least resonant frequency has a free-space 
wavelength of the order of the linear dimensions of the cavity for cavities 
of simple shape, so that resonant cavities are of a convenient size at 
microwave frequencies. Further, if the cavity size is altered in order 
to change the least resonant frequency by a few per cent, the mechanical 
displacement will be a few per cent of the linear dimensions and, for 
microwave frequencies, it will be easily measurable. 

Of course, a complete cavity is of little use since means must be 
provided for coupling the cavity to the source and this involves a removal 
of a section of the cavity walls and the introduction of a coupling device 
(a probe, loop, or iris). These in turn are usually connected to trans- 
mission lines; one for each coupling. A system composed of such a 
cavity together with short sections of the coupled transmission lines is 
called a cavity-coupling system. A description of the use of such systems 
for wavelength indication is the purpose of this chapter. 

Perhaps the most convenient way in which to analyze a cavity- 
coupling system is by the method of equivalent circuits. Oneiinds the 
self-impedance and transfer impedance at certain terminals in the exit 
transmission lines and represents them by a low-frecpiency circuit com- 
posed of inductances, capacitances, resistances, transformers, and so 
forth. This analysis has been developed in ^'ol. 8, CUiap. 7 and we 
shall not repeat it here; rather we shall merely review the results which 
are pertinent to the study of cavity wavemeters. 

CAVITIES AS CIRCXHT ELEMENTS 

6-1. The Equivalent Circuit of a Single-line Cavity-coupling System. 

The simplest cavity-coupling system is a cavity provided with a single 



Fio. 5-1. — Impedance representation of a .single-line cavity-roujiling Hystem at any terminal 
plane in the exit tranBmi.s.<iion line. 

emergent transmission line coupled through a hole in the cavity wall 
by means of a probe, loop, or iris. This system constitutes a single- 
terminal-pair circuit. It has been shown (Vol. 8, Chap. 7) that, if the 
loss is not too high, all such systems can be represented by the circuits 
of Figs. 51 and 5-2 at an arbitrarily chosen terminal plane in the exit 
transmission line. The values of the circuit elements will, in general, 
depend on the choice of terminals, and in certain cases one or two of the 
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resonant elements may degenerate to a nonresonant element (by short- 
circuiting one of the L's or Cs). 

This general form of the equivalent circuit of a cavity-coupling system 
is of great utility since it embraces all systems, but it is a generality of 
form only. For any particular 
system the L's, /i^’s, and Cs must 
be found by the solution of a field 
problem or by experiment. 

I mpedance F unctions near 
Resonance . — For most applications 
of cavities the behavior of the 
system near to a single resonant 
frequency is sufficient to give the 
desired results, in particular if this 
resonant frequency is well sepa- 
rated from its neighbors. In such cases the equivalent circuits of Figs. 
5- 1 and 5*2 are greatly simplified since all but one of the resonant elements 
can be replaced by nonresonant elements and these can be lumped into a 
single element. Thus the most general representations of a single-line 



Fig. 5-2. — Admittance representation of 
a KiriKle-line cavity-coupling system at any 
terminal plane in the exit transmission line. 
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Fi(i. 5-3. — Impedance lepre.Ncntation of a .single-line cavity-coupling system near resonance. 


cavity-coupling system are those of Figs. 5*3 and 5*4. These circuits can 
be further simplified by omi.ssion of the elements j?' and r' since they are 
always small in a well-designed system, corresponding to the off-resonant 
losses in the transmission line and coupling. Furthermore, it can be 


Fig. 5-4. 



Admittance roprosontntion of a .single-lino cavity-coupling system near resonance. 


shown that by proper selection of the terminal plane the equivalent circuit 
can be reduced to a simple series /f^LC-circuit or a simple parallel RLC- 
circuit. 

This is seen by referring to a Smith impedance diagram. Consider 
a simple series /fLC-circuit terminating a transmission line of charac- 
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teristic impedance Zo. On a Smith impedance diagram, the input 
impedance of the circuit describes a locus like the circle (a) in Fi^. 5»5, 
as a function of frequency. At the real axis, w = wo = l/y/LCj the 
resonant frequency of the circuit. If the circuit is shunted by a capacitor, 

the locus is a circle such as (t) in Fig. 
5*5.^ The new resonant frequency 
0)0 is different from o)o. The radius 
of the new circle is also different. If 
the simple 22LC-circuit is shunted by 
an inductance, the circle will be shift- 
ed in a counterclockwise direction. 

The circuits of Fig. 5*4 have been 
shown to be the most general repre- 
sentations of a cavity-coupling 
system near resonance. Hence loci 
such as (6) are the most general im- 
pedance contours for a cavity-cou- 
pling system near a particular 
resonance. 

Since a change of reference terminals in the transmission line cor- 
responds, to a first approximation, to simply rotating locus (6) around 
Zo, it is evident that by a suitable choice of reference terminals any 
cavity-coupling system can be brought into the form of locus (a). Hence, 
any cavity-coupling system near resonance behaves as a simple series 
7?LC-circuit at suitable terminals in the transmission 
line. 

A discussion of the representations of Fig. 5*3 in 
terms of the Smith admittance diagram proceeds in an 
exactly parallel fashion. 

Q-fcLctorSj Coupling Parameters, and External Load~ 
ing . — It is common in the study of low-frequency 
resonant circuits and of cavity-coupling systems to 
specify the losses in the circuit by means of the Q-factor 
which is defined as 

energy stored 


Fia. 5*5. — Loci of cavity-coupling- 
system input impedance on a Smith im- 
pedance diagram. 



2r 


energy dissipated |)er cycle 


( 1 ) 


Fio. 5-6. — Equiv- 
alent circuit of cavity- 
coupling system ter- 
minated in Zu at a 
particular terminal 
plane. 


There are a number of Q-factors in common use which, for a cavity- 
coupling system, differ only in the sources of dissipation which are 
included in the denominator of Eq. (1). These are illustrated by a 
* This is obtained by transforming (o) to the admittance plane, which consists of 
reflection of (a) through the point Zq. The capacitive susceptance is then added, 
which rotates the admittance circle. This circle is then reflected back through Zq 
to obtain (6). 
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consideration of the circuit of Fig. 5*6, which is the equivalent circuit of a 
cavity-coupling system at certain terminals in a matched transmission 
line. The Q of the system to the right of line A is the so-called unloaded 
Q. It is 


Qu = 27r/o 


iPr 



( 2 ) 


where I cos cjot is the driving current and = 1 //C. The Q of the entire 
circuit, including Zo, is called the loaded Q. It is 


Ql 


0)ol 


r + Zo 
Qu 



(3) 

(4) 


The coupling parameter is defined as ^ — Zo/r or as the normalized 
admittance, Zo/r = (l/r)/yo, at resonance. Using this quantity Eq. 
(4) becomes 

Qu = (I +mL> (5) 

The external or radiation Q of the circuit is defined as 

<?« = (6) 

SO that 

J_ = J- + _L. (7) 

Ql Qu ^ Q« 


It is clear that for the loaded Q all sources of dissipation are included 
in the denominator of Eq. (1). For the unloaded Q only sources interior 
to the cavity-coupling system are considered, while for the radiation Q 
the external losses alone are considered. The coupling parameter is, so 
to speak, the efficacy with which energy stored in the cavity-coupling 
system is coupled to the external load and dissipated there. 

Our discussion considers only a single, simple model. It is not diffi- 
cult, however, to formulate these 
Q^s for an arbitrary resonant cir- 
cuit. (See Vol. 8, Chap. 7.) 

I A 

( 1 ) 



c R 
(-VW-3 


1 


14 I 


( 2 ) 


Fig. 5-7.— Equivalent circuit of a t\vo-!ine 
cavity-coupling system at particular reference 
planes and near a particular resonance. 


6*2. Transmission Through a 
Two-line Cavity-coupling System. 

The general impedance and admit- 
tance representations of cavity- 
coupling systems with more than one emergent transmission line can be 
derived with somewhat more difficulty. Near resonance these representa- 
tions are rather simple for the case of small loss and negligible direct mutual 
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impedance between the two coupling lines. One form is shown in Fig. 
5-7 for a particular choice of terminal planes in the emanating trans- 
mission lines. The transformers shown are ideal transformers, one of 
which can be eliminated by a transformation of impedance level. 

Consider a transmission system including a two-line cavity-coupling 
system with its reference planes chosen as in Fig. 5-7. Let the generator 
and load impedances at these planes be real and given by Rq and /?l. 
This circuit is shown in Fig. 5-8. Transforming the load and generator 



Fig. 5-8. — Equivalent circuit of a two- Fig. 5-9. — Alternative form for the circuit 
line cavity-coupling system at particular of Fig. 5-8. 

reference planes. Generator and load im- 
pedances Rg and Rl are real at these planes. 


into the resonant mesh, we have the circuit of Fig. 5-9. The unloaded 
Q is Qu — (ooLIRj corresponding to putting Rq = Rl = 0. The loaded 
Q is 

"" 7r+ip<r+ TiiRi! 

from which 

Qu = Ol ^1 + + nl 

The input and output coupling parameters are (‘ommonly defined in 
terms of a matched generator and load (i.e. Ro = Rl = Zo). They are 


- 

^2 = 


n\Z. 

R ' 
n\Zo 

ir* 


It is also customary to define the transmission through the cavity 
in terms of a matched generator and load. For this case the impedance 
of the mesh of Fig. 5*9 i.s 

Z = /t'j^(l+/3i+ ^ 2 ) + jQh 

and the power into the load impedance is 
Pl = n\Z,\IV = ^2R\I\^ 

^ ^ 

(1 +0i+ff2)^ + Ql(---\ 

ywo 03 J 

The available power from the generator line is \hP/Zo *= 
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The transmission-loss function T{(a) is defined as PiJPo or 


T{o,) = 

(1 + /3i + + Q\ 

At resonance, the transmission loss is 


yojo w J 






(1 + 

Dividing Eq. (8) by Eq. (9), we have 

TM 


T{w) = 


1 +Ql 


Putting o) = 0)11 4- Ao)/2, 


, / 0) ^j|V 

' VoJo O) ) 


TM 


r(M 


'+ oK -)’ 


( 8 ) 


(9) 


( 10 ) 


We sec that T{o)) = iT{o}o) (i.c., half-power points of transmission) for 
Ao)/o3o — \/Ql. The frccpioncy int(»rval Aco is frequently called the 
bandwidth of the cavity at the resonant frecpiency coo. 

6*3. Frequency-pulling by Reactive Loads. — It is easily shown 
(Vol. 8, Chap. 7) that the resonant frecpiencaes of a cavity-coupling 
system arc functions of the reference-plane position 
in the emergent transmission line. Any change in 
line length changes the electric and magnetic 
energies stored interior to the reference plane and 
thus the resonant frequencies. 

If we have a cavity-coupling system with two or 
more emergent transmission lines, the resonant fre- 
quency looking into one of the lines depends on the 
load impedances on the other lines, and the fre- 
quency at which the cavity transmits a maximum 
of power depends on the load and generator impedances. 

Consider a two-line cavity-coupling system. Near a particular 
resonance and at certain referem^e planes it can be represented by Fig. 5*7. 
For a particular choice of load impedance on terminals (2), Fig. 5-7 
can be transformed to the circuit of Fig. 5*10 at terminals (1). The 
resonant frequency of this system is the freciuency for which 





Fig. 5*10. — Circuit 
of Fig. 6-7 at terminals 
(1) when Zl is placed 
acro&j terminals (2). 


a)L — 


i^C 


4- Uj.Y/, = 0 


( 11 ) 


is satisfied. In the case that n|Xj; wL, 1/wC, Eq. (11) may, be solved 
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for the perturbed resonant frequency 

(j)r ” CjOq 


nlX, 

2L ' 


( 12 ) 


where cog = 1/LC, In terms of the coupling parameter == n\Z^IR 
and Ott = «oL//2, we can write Eq. (12) as 



The second term in the parentheses represents the frequency-pulling. 
This pulling is usually small but becomes important when cavities are 
used as accurate frequency meters. For example, if Qu = 10^, 

and XlIZq = 1, then (coo — o)r)/coo = 2.5 X 10“^ 

The pulling of a transmission cavity is evaluated in a similar way. 
At particular reference planes and near a particular resonance, a two-line 
cavity-coupling system with arbitrary loads is represented as in Fig. 
5*8 with Ro and Rl replaced by Za and Zl. Transforming Za and Zl into 
the resonant mesh as in Fig. 5*9, we see that maximum power is absorbed 
by the load resistance Rl at a frequency which is the solution of 


“b nlXa + ^IXl = 0. 


For nlXof nlXL <K ouL, 1/coC, the solution of Eq. (14) is given by 


A n\Xo n|XA 
«o^l 2LwJ' 


In terms of /3i = nlZo/R, ^2 = nlZo/R and Qu = cooL/7^, Eq. (15) becomes 


““ V 22J«Q„ 2ZoQJ' 


The admittance case is treated in an analogous manner. If at some 
terminals the cavity-coupling system is representable as a shunt-resonant 
circuit, and if a load susceptance B appears at these terminals, then the 
resonant frequency of the system is 

= 0)0 (1 - 

The formulas (13) and (16) are carried over into the admittance case by 
replacing each X/Zq by its corresponding B/Yo; signs remain unchanged. 

Frequently in microwave circuits the series reactance is not known at 
the reference terminal for which Figs. 5-8 and 5-7 are valid. What is 
usually known is the standing-wave ratio of the generator and load 
impedances. Depending on the phase of these standing waves at the 
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reference terminals of Fig. 5*7, the pulling can vary from (a) none at 
all, corresponding to a maximum or minimum in the standing-wave 
pattern at the reference terminals, to (6) a maximum pulling, correspond- 
ing to X/^o = ± — l)/2r, where r is the VSWR corresponding to the 

reactance X. Therefore the extreme values of the resonant frequency 
corresponding to Eq. (13) are 

_L - 1) 


The extreme values of the frequency for maximum transmission cor- 
responding to Eq. (16) are 


cor — 0)0 i coo 


^Qu . 


(^1 - 1 ) _L ~ 


ri 


+ 


r2 


(19) 


NORMAL MODE FIELDS IN SOME CAVITIES OF SIMPLE SHAPE 

The discussions thus far have been confined to the circuit aspects of 
cavity resonators. This study gave a number of results of considerable 
generality, in particular, the form of the equivalent circuit of a cavity at 
terminals in the emergent transmission lines. It was found that at 
certain terminals the cavity could be represented by an ensemble of simple 
series- or shunt-resonant circuits having certain Q^s and resonant fre- 
quencies. The form of the resonant behavior of cavity-coupling systems 
is thus obtained, and with some restrictions it is the same for all systems. 
Various physical systems differ only in having a different set of resonant 
frequencies and associated Q-f actors. These parameters are now to be 
discussed. 

The determination of the resonant frequencies and associated Q’s^ 
of a cavity-coupling system is, of course, a field problem. In general, 
it is a very difficult problem, particularly if the cavity has a complex 
shape and if the coupling system is treated rigorously. Because of this 
difficulty, it is not usually solved. Instead, a much simpler system is 
considered, a system in which all transmission lines and coupling devices 
are removed and all walls are unbroken. With this simplification, it 
becomes possible to find the field solutions of cavities of regular shape 
such as rectangular parallelepipeds, right circular cylinders, spheres, 
and so forth. 

These field solutions are very useful in the design of cavity systems. 
The resonant frequencies thus found are usually very nearly those of the 
complete system, since cavities are usually not coupled so tightly that an 
appreciable amount of the total stored energy resides in the external 

^ Throughout this section, which concerns isolated cavities, Q will always refer 
to the unloaded Q. 
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circuits. Likewise, the unloaded calculated from the field equations 
do not differ greatly from those observed for the cavity-coupling system, 
since the coupling devices seldom distort the cavity fields appreciably. 

These problems will not be solved in detail here. Many appear in 
the literature.^ We shall merely tabulate the results after outlining 
briefly the methods used. 

The first step is to find the normal-mode fields in a completely lossless 
cavity of the given shape. This involves solving Maxwell's equations 
subject to the boundary conditions that E be normal to all boundary 
surfaces and that H be tangential. The solutions can be written in 
several forms, but essentially they are a set of characteristic resonant 
frequencies and vector functions, E and H, describing the spatial con- 
figurations of the normal-mode fields. 

Next, it is assumed that the introduction of loss by means of a finite 
wall conductivity does not change these normal-mode fields. The Q of 
the cavity, written as 



/. 

/. 


is then computed using the normal-mode fields H and the known skin 
depth 5 in the wall material. These are frequently expressed in terms 

of the dimensions of the cavity for each of the 
normal-mode fields. The quantity Q6/X is a 
function only of the relative dimensions or 
shape of the cavity and the form of the resonant 
mode. 

5*4. Rectangular Parallelopiped.— The 

normal-mode fields are most easily found for 
the rectangular parallel opiped^ and can be 
expressed Ifi terms of sines and cosines. These 
fields are conveniently divided into two sets, 
transverse-electric and transverse-magnetic modes. They are transverse- 
with respect to the axis of reference which is taken to be along the longest 
dimension of the figure. In Fig. 5-11 this is the 2-axis. The transverse- 
electric T E-modes have no E components along 2 , and transverse-magnetic 
-modes have no H components along z. 

The next specification is in terms of the integers, Z, m, n. These are 



Fiq. 6’11. — Rectangular-par- 
allelopiped cavity. 


^ For general review of field solutions see E. U. Condon, Rev. Mod. Phys.j 14, 341 
(1942) or W. W. Hansen, Appl. Phys., 9, 654 (1938). 

* F. Bourguis, Ann. Phys.j Lpz.j 36, 359 (1939) and the review articles of Condon, 
loc. cit. and J. P. Kinzer, ‘^Review of Information on Resonant Cavities, BTL, case 
23458-5, Jan. 8, 1943. The treatment given here follows that of Kinzer. 
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I = number of half-period variations of E and H along x, 
m = number of half-period variations of E and H along 2/, 
n = number of half-period variations of E and H along z. 

For a given set, the field is completely specified and the modes are 
designated as TEi,m,n or The resonant frequencies are given 

by the equation, 

2 


Jay 


cm, 


( 20 ) 


where Ay B, and C are in centimeters. 

The normal-mode fields are given by the equations: 
TE-modes 

jEJa; = — ~ cos kix sin k2y sin k^z 

k\ ' • 

Ey — sin kix cos k2y sin k^z 


E^ = 0 

h 

H. = 


k^ 

k2kz 


sin kix cos k2y cos k^z 


Hy = -p - cos kix sin k2y cos k^z 

jj k\ kl 7 1 ' 1 

Hz = — ^2 — ^ ^32, 


n > 0 
I OT m > 0 


TM-modes 


Ex = cos kix sin k2y sin k^z 

Ey = sin kix cos k2y sin kzZ 


E. 


- Ai + fcj . 


sin kix sin A:22/ cos A: 32 ' 


/b 


= — -r sin /cix cos A;2?/ cos 

K 

Hu = -r COS kix sin A:2?/ cos A: 32 
Ic 


I > 0 
m > 0 


( 22 ) 


H. = 0 

where ki = Ir/A, = mvlB, ka = ut/C, X = 2 jr/A:, and 

k^ = A-? + fci + A-|. 

The restrictions, n, Z or wi > 0, for the Tfi-modes and, I, m > 0 , for the 
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TM-modes, afe introduced to avoid trivial cases in which all E or H field 
components vanish. 

The quantity, Q5/X, is commonly tabulated instead of Q, since 
this quantity is a function of only the mode and shape of the cavity. 
5 is the skin depth in centimeters in the cavity walls. 

For the T^J-modes, 




AC[ph-^ + {p^ + q^y] + BC [qV + (p2 + q^y] + ABr^{p^ + q^) 


(23) 


for (/ and m) >0; 




and 

ABC 

(^2 _|_ 

for 1 = 0; 

(24) 

2 

q%\B + 2A) + r^BiC + 2A)' 


ABC 

(p2 ^ 

for m = 0, 

(25) 

2 

p^C(A + 2B) + r^AiC + 2B)’ 

where p = l/Ay q — m/By r = n/C. 

For the TM-modes, 

* 


and 

ABC 

(p2 + q^)(p^ + 9^ + r2)>^ 

for n > 0; 

(26) 

4 

pW{A + C’) + q^A{B + C)’ 


ABC 

(p» + q^y^ 

for n = 0. 

(27) 

2 

p^B{A + 2C) + q^A{B + 2C)’ 


The skin depth 5 is given by the equation, 


Xp 


^ 1207rV 


cm, 


(28) 


where m is the permeability of the wall material (or relative permeability 
in mks units), X is the free-space wavelength in cm, and p is the resistivity 
of the walls in ohm cm. Table 5*1 gives the resistivities of some materials 


Table 51. — D-c Resistivity of Some Common Metals and Alloys 


Materials 

Copper, commercial annealed 

Copper, pure annealed 

Aluminum, commercial 

Brass, various alloys 

Silver, pure 

Coin silver, annealed 

Coin silver, hard drawn 


p(at 20°C), ohm cm 
1.72 X 10-» 
1.69 
2.83 
6 to 8 
1.63 
1.87 
2.1 


commonly used in cavities. These depend on the purity and history of 
the material. All are at room temperature. 
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6‘6. The Kight Circular Cylinder. — The normal modes in the right 
circular cylinder^ are also divided into TE- and 2W-classes, where the 
axis of reference is along the cylinder axis (see Fig. 5*12). They are 
further specified in terms of three integers, Z, m, and n, which are defined 
by 

I = number of full-period variations of Er 
with respect to 0, 

m = number of half-period variations o^ Ee 
with respect to r, 

n = number of half-period variations of Er 
with respect to z, 


for TE-modes. F or TM-modes, the integers 
are correspondingly defined in terms of the 
components of H. 

The normal-mode fields are expressed in 
terms of trigonometric and Bessel functions, 
and the resonant frequencies include the 
roots of Bessel functions. These latter are 
given by the equation, 


X = 




-I- 


(£)' 


(29) 



for the free-space wavelength of the resonant 
frequencies. The quantities xim arc: 


Fig. 6* 12. — Right circular cylin- 
der. 


xim = m*** root of Ji(x) = 0 for the 7'Z:J-modes; 
xim = root of Ji{x) = 0 for the 7'il/-modes. 


Values of a few of these roots are given in Table 5-2.2 equation for 

the resonant frequencies can also be written as 


( 30 ) 

from which it is seen that {fDy vs. (D/Ly is a straight line with intercept 
{cxim/Try and slope {cnl2y. Plots of this type are called mode charts, 

^ F. Bourguis, Ann. Phys., Lpz., 35, 359 (1939); W. L. Barrow and W. W. Mieher, 
Proc. Inst. Radio Engrs., 28, 184 (1940); J. P. Kinzer, “Review of Information on 
Resonant Cavities,” BTL, case 23458-5, Jan. 8, 1943. The treatment here follows 
Kinzer. 

* Barrow and Mieher, loc. cit. These values for the most part agree with Kinzer 
loc. cit. and E, Jahnke and F. Emde “Funktionentafeln,” Teubner, Leipzig, 1933. 
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and such a chart is shown in Fig. 5*13 for a few of the lower modes. Only 
the values 0, 1, 2 of n are shown. 

Such mode charts are very useful in cavity design, for the observed 
resonant frequencies will usually lie close to those shown in the chart. 


lE^m 



TM oiQ 





Fig. 6‘13. — Mode chart for right circular cylinder. 


For tunable cavities in which L is varied, one can see from the chart 
what modes are possible in the tuning range of the cavity, and steps 
can be taken to suppress any unwanted modes occurring in that range. 




8bc. 6-51 


THE RIGHT CIRCULAR CYLINDER 


299 


Table 5*2. — Roots of Ji{x) and J\{x) 


TE-mode 

Xlm 

TAf-mode 

Xltn 

lln 

1.841 

Oln 

2.406 


3.054 

lln 

3.832 


3.832 

21n 

5.136 


4.201 

02n 

5.520 

41w 

5.318 

31n 

6.380 

12n 

5.332 

12n 

7.016 

51w 

6.415 

41n 

7.588 

22n 

6.706 

22n 

8.417 

02n 

7.016 

03n 

8.654 

61n 

7.501 

51n 

8.772 

32n 

8.016 

32n 

9.761 

13n 

8.536 

61n 

9.936 

71n 

8.578 

13n 

10.174 

42n 

9.283 



81n 

9.648 



23n 

9.970 



03n 

10.174 




The normal-mode fields are given by the following equations. For the 
7'^-modes, 

Er = -I'^^^sinlesinkzz) 


Ee = —Jiikir) cos 1$ sin kzZ I 

Hr — ^ J\{kir) cos 16 cos k^z^ 

He — — i~~ sin 16 cos k^z 

k kiv 

ki 


ki 

Hz = -^Ji(kir) cos 16 sin k^ 

For the TM-modes 
Er = 


^ Jiikir) cos 16 sin kz 

^9 = 1^ sin 16 sin kzZ 

k kir 


ki 

Ez = Ji{kir) cos 16 cos kzZ 

Hr = -—I sin 16 cos kzZ | 

He = —Jiikir) cos 16 cos kzZ 

Hz = 0 


n > 0 
m > 0 


n > 0 
m > 0 


m > 0 


m > 0 


M.M.Z V f 

where k\ == 2xtm/D, fc» = nr/L, fc® = fcj + k\, and X = 2ir/k. 


(31) 


(32) 


(33) 


r 


( 34 ) 










for n > 0, 


( 36 ) 
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Fig. 6*16. — Q 5/X vs, D/L for several T E-modes in a right circular cylinder. 


and 


5 

X 7r(2 R) 


for n = 0, 


(37) 


where R = D/L and p = n7r/2. 

These equations are represented graphically in Figs. 5-14, 545, and 
8 

5-16 where Q- values are plotted for several modes as a function of 
X 


DIL> 

It can be seen from Fig. 5-14 or Eq. (35) that for a given TEomn-mode, 
Q(6/X) is a maximum for a square cylinder, that is, D = L, 


^ These curves are taken from Kinzer, loc, cit. 
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Consider, however, the more complicated question: for a given Q and 
X, what mode and what shape give the minimum volume? Kinzer^ 
has shown that the TE'oiH-modes satisfy this criterion, at least for 
Q(5/X) > 0.75 which is the usual case of interest. He finds that 



Fig. 5-16, — Q 5/X vs. D/L for several TJU-modes in a right circular cylinder. 


n = 1.626 sin 0/cos* 0, where is a solution of the equation 


5 cos* — 3 cos® (j) 


1.220 


The corresponding diameter and length are given by 

D ^ 1.220 
X cos <l/ 

' J. P. Kinzer, ^‘Cylinder Resonator of Minimum Volume for Given Q,” BTL 
MM^3-3500-23, Apr. 6, 1943. 
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and 


L ^ 0,813 
X cos* <#> • 


These results are presented in Fig. 547, where n, D/X, and L/\ are 


60 4.5 


40 3.5 


20 2.5 


0 1.5 



Fia. 6*17. — Cavity parameters for minimum volume for ^’jfcVmodes. 


plotted vs. Q :r for the above conditions. 

A 


This information is useful 


in designing very-high-Q cavities such as echo boxes. Of course^ in using 


Fig. 5*17 one chooses the integral value of 
n nearest that taken from the ordinate scale. 

6-6. Coaxial Cylinders. — The normal 
modes in the full coaxial resonator formed 
from concentric circular cylinders have been 
treated by several authors.^ Cylindrical 
coordinates are used as in Fig. 5-18. The 
modes are divided into TE- and TM-modes 
and further specified by integers Ij rrij and 
n which are defined as in the cylindrical 
case. 

The normal-mode fields and resonant 
frequencies contain Bessel functions and 
their roots. The resonant wavelengths 
X = c/f are given by 

^ F. Borguis, Hochfrequenztechn. u ElektroakusL, 
66 , 47 (1940); W. L. Barrow and W. W. Mieher, 
Proc. Imt. Radio Engra.f 28 , 184 (1940) ; J. P. Kinzer, 
BTL Case 23458-5, Jan. 8, 1943. The treatment 
here follows Kinzer. 
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X = 


where xim are the roots of 



Ji{x)Ni(rjx) = Ji{rjx)Ni{x), for rilf-modes 
and the roots of 


(38) 


J[{x)Ni(rfx) = Ji(‘n^)Ni(x), for r^^-modes. 

Here, rj = 6/a, and Ji and Ni are Bessel functions of the first and second 
kind respectively. 

While it is possible to write Eq. (38) in the form of Eq. (30) and to 
construct mode charts therefrom, this procedure is cumbersome since a 
different chart must be constructed for each 7}-valuc. A better procedure 



Fiq. 6-19. — xim V8. m for TE-modea in coaxial-cylinder cavity. 
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7 

Fig. 5-20 . — xim (I — v) vs. r\ for 7W-inodes in coaxial-cylinder cavity. 


is to present graphs of vs. t; for each of the modes as in Figs. 5- 19 and 
5-20.^ From these, mode charts can be constructed for any given case. 
For the TE-modes the fields are given by 


Er = — I sin Id sin k^z 

kiv 

Ee = —Z\{kir) cos 16 sin kaz 
Ex = 0 

Hr = ^ Z'likir) cos 16 cofi k^z 
„ , ks Zi(kir) . , - , 

ki 

H» = Zi{kir) cos 16 sin k^z 

where Zi{kir) = Ji{kir) — • Ni(kir). 

^ These figures are taken from Kinzer loc. cit. 


(39) 


( 40 ) 
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For the TM-modes the fields are 

Er — — ^ Z'likir) cos 16 sin 

r, , ks Ziikir) . . I 

Ee ^ — Ter ^ 

k\ 

Et = ^ Zi{kir) cos Id cos 

Hr — —I ^ 7 "" sin cos 
kir 

He = --Zi(kir) cos 16 cos k^ 

//, = 0 

where Zi{kir) = Ji(kir) — Ni{kir), In both the TE- and TM- 

modes, 

ki = — kt = ^, k^ = kl + kl and X = ^- 

g 

Kinzer gives the following formulas for Q -• In the Tj^-modes, 

A 




Q^ = -i 

2 ir 


(xi„ + p^R^mf 


where 


\ 27r u / ij\ 

xL(i +„H) +pm^^li -\--) + pmm 

^Im \ V / 


and R = a/L and p = mt/2. In the TAf-modes, 

ol^JL - v^n 

^ X 2 ir ■ (1 + vH') + 12(1 - V^H'Y 


for n > 0; 


Q* = £[2 


(1 - V^H') 


X T 2(1 + r,W) + R{1 - r,m') 


7 :> for n = 0, (45) 


where W = \Z\{rixi^)IZ\{xi^)\\ 

Kinzer states that the Q5/X values for Tilf w-modes are not correct as 
t; — > 0. Since the fundamental TEM- or rAfoon-mode is of considerable 
engineering interest, we will include an exact formula for this case. 
It is 



n 

: 2L l+a76 ^ 
a In a/b 


( 46 ) 
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For a given X, n, and outer-conductor diameter a, this Q is a maximum 
for a/h = 3.6. 

6-7. Other Shapes. — Expressions for the Q-values and resonant 
fields have been worked out for several other shapes: the sphere,^ the 
sphere with reentrant cones, ^ ellipsoidal-hyperboloid resonator,^ and 
the partial-coaxial resonator. ^ None of these except the last-named 
have been used very much. The partial-coaxial TAfooi-mode is used in 
klystron resonators. Partial-coaxial cavities in this and other modes 
are sometimes used as wavemeters, but no formulas for the normal-mode 
fields or Q-values are available. 

6*8. Cavities Containing Dielectric Materials. — In the formulas which 
we have given for the resonant frequencies of cavities, it has been 
assumed that the cavities were empty; that is, a relative dielectric con- 
stant ke of unity, where ke = ^/eo. It is easy to extend these expressions 
to the case when /Cc 1. 

Consider an arbitrarily shaped lossless cavity resonating at a fre- 
quency CO. Maxwell’s equations in the cavity are 


curl E + = 0, (47) 

curl H — jeooE = 0. (48) 


At resonance the stored electric and magnetic energies are equal and are 
given by 

We = dv = i j dv. (49) 


Let us change the dielectric constant of the medium filling the cavity 
from € to c'. Also, change co to co' to restore resonance and the original 
spatial configurations of E and H* Without loss of generality, we can 
keep H' = H. Then, from Eq. (49), 


and 


j dv = 


j t'E'^dv, 



^ G. Mie, Ann. Phys., Lpz.j 26 , 377 (1908); S. Borguis, Ann. Phys.^ Lpz.j 36 , 359 
(1939). 

* W. W. Hansen and R. D. Richtmeyer, J. Appl. Phys.^ 10, 189 (1939). 

’For cavities in TEM~mode, see W. W. Hansen, J. Appl. Phys., 10, 38 (1939); 
Microwave Transmission Design DaUiy Publication No. 23-80, Sperry Gyroscope 
Company, Inc., N. Y., 1944; D. Alpert, “Design Characteristics of Resonant Cavi- 
ties," Westinghouse Research Report SR-127, July 2, 1942. For partial-coaxial 
cavities, see W. L. Barrow and W. W. Mieher, Proc. Inst. Radio Engrs, 28 , 184 (1940). 
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From Eq. (48) 

E' to) 


W ~ 7^’’ 

and so. 

- = J- 


w ye' 


Thus, if oj corresponds to ke =_1.00 • * * , the resonant frequency 
corresponding to /cj is cj' = co/v^A;'. In terms of free-space resonant 
wavelengths this can be written X' = X y/ke. 

6*9, Scaling Theorems and the Principle of Similitude.^ — Suppose we 
have an arbitrarily shaped cavity with lossless walls and let all dimen- 
sions be multiplied by a factor N, If E and H are also multiplied by iV, 
and w by l/iNT, Eqs. (47) and (48) are left invariant. From Eq. (49), 
we see that the condition for resonance is maintained. Hence, for any 
lossless cavity, if all dimensions are multiplied by a scale factor iV, all 
resonant frequencies are divided by iV, and the spatial configurations of 
the fields are similar. 

If the cavity walls have a finite conductivity, it is seen that the skin 
depth is multiplied by a factor when the dimensions are multiplied 
by Ny keeping the conductivity constant. Thus, the fields in the walls 
are not scaled with those in the cavity and the scaling theorem is not 
obeyed. If, however, the resistivity is multiplied by the scale factor N, 
the skin depth is scaled by the factor N and the theorem is exact. Hence, 
if all dimensions of a cavity and the resistivity of the walls are multiplied 
by a factor iV, then all resonant frequencies are divided by iV, and the 
spatial configurations of all fields are similar. The Q of the cavity 
remains invariant. 

For the usual high-Q microwave cavity, the resonant frequencies are 
affected very little by the finite wall conductivity, being almost the loss- 
free values. Hence, if all dimensions are multiplied by Ny keeping the 
wall conductivity invariant, the resonant frequencies are multiplied, to 
a very good approximation, by \/N, The Q of the cavity is multiplied by 
a factor since the spatial configurations of E and H are nearly 

similar, and the skin depth is multiplied by a factor y/ N. 

PRACTICAL WAVEMETER CIRCUITS 

A wavemeter is used to determine the frequencies of waves in a 
transmission system. This involves tuning or changing the resonant 
frequency of the wavemeter and noting the change in power absorbed by a 
load connected to the system. A knowledge of the circuit and the 

^ H. Konig, Hochfrequenziechn. u. Ekktroakuat.y 58 , 174 (1941) and review in 
Wireless Engr., 19 , 216 (1942). 
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resonant frequency of the cavity-coupling system at some reference 
plane can then be used to determine the wave frequencies. 

It is seen that this tuning procedure involves variables different from 
those used in the analysis of cavity-coupling systems, where the resonant 
behavior of fixed systems was studied. In all practical systems, however, 
a small change in source frequency is equivalent to a like change in the 
resonant frequency of the wavemeter, since the Q^s, coupling parameters, 
and reference terminals change very slowly with frequency. There- 
fore, in the following discussion, source-frequency changes and wave- 
meter tuning will be used interchangeably at frequencies near a particular 
resonance. 

While there exists an unlimited number of ways in which a cavity 
can be connected into a microwave transmission-line system, only a few 
simple forms are used for wavelength indication. Some of these have 
been discussed in previous sections; others will be introduced here. 
Although all of these circuits have certain features in common, it will be 
most convenient to discuss each independently. 

6*10. Transmission Cavity Wavemeter. — An ideal circuit for a trans- 
mission wavemeter takes the form of Fig. 5-21. The generator frequency 



Fig. 5-21. — Transmission- wavemeter circuits 


is measured by changing the resonant frequency of the cavity in the region 
of the generator frequency until maximum power is transmitted to the 
load. The wavemeter setting corresponding to this maximum is an 
indication of the generator wave frequency. 


— 1 ( — 

1 nj nj j 



Fig. 6-22. — Representation of Fig. 6*21 at a particular set of reference planes. 


At frequencies near a particular resonance and at particular reference 
planes in the input and output lines from the cavity, the circuit of Fig. 
6*21 can be represented as in Fig. 5*22. Let the load be a power-meas- 
uring device. At frequencies far from resonance essentially no power 
is transmitted to the load. As the cavity is tuned to the frequency 
region of the incident waves, power will be transmitted to the load. This 
transmitted power isf given in Sec. 5*2 and is 
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T(cc) = 


W? 

(1 + /3i + + Qi(-- 

\coo O) / 


(51) 


where T{o)) equals the power into the load divided by the available power 
from the generator, fix = nlZo/R, ^2 = n\Z*JR^ Qu = woL//?, coo is the 
generator frequency, and co the resonance frequency of the cavity, 
co^ = 1/LC. Clearly, ir(co) is a maximum at co = coo and reduces to 


T(coo) 


40x132 

( 1 + 01 + 02 ^^ 


(52) 


The sharpness of resonance is given by the frequency difference 
between the points at which T(co) = ^^(coo). This frequency difference 
is 


= ^ = ^0(1 + 01 + 02) 
Ql Qu 


(53) 


the bandwidth of the cavity for transmission. 

A typical transmission wavemeter is the TTJon-cavity described in 
Sec. 5-16. Its measured loaded Q is about 12,000, and its coupling 
parameters are equal and about 0.5. The bandwidth for 


= /, = 9370 Mc/sec (X = 3.2 cm) 

is, therefore, 0.78 Mc/sec, and the derived unloaded Q is 24,000; 
T(fo) = 0.25 which is equivalent to a transmission loss of 6.0 db. 

A wavemeter is usually calibrated with a standard or reference 
cavity which in turn is calibrated with a standard frequency source. 
A substitution method is often used, in which the standard cavity is 
substituted for the wavemeter in the circuit of Fig 5*21. Several 
precautions must be observed in this procedure. First, the generator 
frequency must be kept constant. Aside from thermal and power 
constancy, this implies that there be no reactance-pulling of the generator. 
This is usually accomplished by ^'padding'' the generator with a bilat- 
erally matched attenuator. Second, the reference and wavemeter 
cavities must not be subjected to reactive pulling, or must be pulled by 
equivalent amounts. If the cavities are identical (have equal QJSj 
couplings, and reference planes), they will be pulled equal amounts by 
reactive generator and load impedances. However, in general the 
cavities are not identical and the pulling will be different for the reference 
cavity and for the wavemeter. Thus the generator and load should be 
matched as well as possible. 

The extreme values of the frequency for maximum transmission are 
given by Eq. (19), Sec. 5-3, in terms of the voltage standing-wave ratios, 
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n and r 2 , of the generator and load. The difference between this fre- 
quency and the frequency of maximum transmission with matched load 
and generator is 


6 = 



„ / A 

1 . O / l\' 

|8i( ri ] 

+ /32 ( ^2 ) 


\ ^2/J 


For the Tfioii-cavity discussed above, this amounts to ±0.018 Mc/sec 
for ri = r 2 = 1.1, and ±0.15 Mc/sec for ri = r 2 = 2.0. 

Transmission wavemeters are sometimes used on a side arm which is 
coupled to the main transmission line with a directional coupler. This is 
shown in Fig. 5*23 for a waveguide transmission-line circuit and direc- 
tional coupler. Suitable couplers 
are discussed in Chap. 14. 

This method of using a trans- 
mission wavemeter is very useful. 

There is no pulling of the cavity 
or change in transmitted power 
through the wavemeter by mis- 
matched main-line loads. If the 
directional coupler is unidirec- 
tional and matched, the analysis of 
the wavemeter indication is the 
same as that of the preceding 
paragraphs since an equivalent 
matched generator appears at the 
output terminals of the directional coupler. 

6*11, Reaction Wavemeter Terminating a Line. — A circuit which has 
been used is shown in Fig. 5*24. As the cavity is tuned through the 
generator frequency the power absorbed by the load is changed. The 
form of this change depends on the line length L 



Fig. 5*23. — Transmission- wavemeter sys- 
tem coupled to the lino with a “Bothe-hole” 
directional coupler. 



Fig. 5-24. — Reaction wavemeter terminating a line. 


Frequently the power-measuring load is a crystal or bolometer, repre- 
sentable as a pure shunt admittance g -j- jb. If, the cavity-coupling 
system is representable at its terminals, as a shunt-resonant circuit, 
then Fig. 5*24 is equivalent to Fig. 5-25. The length I is usually chosen 
so that maximum power is absorbed in the load when the cavity is far 
off resonance. This occurs when the off-resonance cavity susceptance 
transformed to plane B is and Y^/h = tan {2Trl/\g). At the fre- 
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quency <o the cavity admittance at plane A is 

where fi - RYo, Qu = woRC, and w = cos + «. At plane B thecavity 



Fio. 5*25. — Circuit equivalent of Fig. 5*24 for a load admittance of fli + jb, 

admittance is 


1 +j 


F = r„ 




The power into the load at the frequency co is 


Yo 

b 


P = 

which reduces to 


PFo 

(Fo + F + g+jb)iY, + Y* + g^ jbY 


Po = 


PYo 


(54) 

(55) 


(Yo + gr 

far off resonance. The ratio Po/P gives the relative power into the load 
jP at any frequency. 

The minimum power into the load 
occurs at the frequency for which 
|Fo + F + g + jb\ is a maximum. On 
a {GjB) plane this quantity is the 



5-26. This vector is a maximum and 
the absorbed power a minimum for 
the frequency coq at which (Fo + F 

Fio. 6*26. — Vector representation of *4”^ j^) pure real) that is, 

(Ko -f K + (7 {qj. 
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which occurs for 


o 1 = 

0,0 2Fo 


(56) 


This frequency-pulling is the same as that calculated in Sec. 5-3. The 
power absorbed at this frequency, ojJ = o,o -f (o,o/36)/(2FoQi*), is 

I^Yo 


P mia 


Yo + g + -f^ {b^ -h F?) j' 


and the ratio of this power to that absorbed far off resonance is 

O^o + g)^ 


p_ 

Po 




I'o -f- ^ (b^ + FS) 

I 0 


5 )]’ 


(67) 


The tuning curve of the power absorbed by the load is shown in Fig. 
5-27. The bandwidth of the resonance is Aa>o where 6 = Awo/2 is the 
solution of the equation 


1 


1^0+ Y + g+jb[^ (Yo + gy 
This solution gives 


+ 


1 


[fo 


+ !7+f-/5^+FM 




Acoo = 


Y, + g+f-ib^+ Yl) 

0)0 I 0 


Q. Yo + g 

The corresponding loaded Q of the resonance is 

Yo + g 


Ql — Qu 




Yo + g + ^{h^ + Yl) 

I 0 


It should be noted that this reduces to Qu(l + P)~^ for 6 = 0, gr = 0. 
The same loaded Q is obtained 
for 6 = ±Yo, g == Yo. 


Clearly if 6 = 0 then 5 = 0, 
and the minimum power into the 
load occurs at the cavity resonance 
frequency coo. The corresponding 
line length for which the off- 
resonance cavity admittance 
transforms to zero at plane B is 
one-quarter of a wavelength. F or 
this case the power into the load 



Fig. 6*27. — Power absorbed by the load in 
the circuit of Fig. 5*24. 




Fig. 5-28. — £-plane waveguide T-circuit with 
a reaction wavemeter. 
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at resonance, « == wo, divided by the power into the load far off resonance 
is 

P (70 + gY 
Po (Yo + g+ YIRY 

This is easily verified directly by considering the circuit on resonance which 

is just Fo, g^ and YIR in parallel. 

For the TFon-cavity, dis- 
cussed in Sec. 5-16, with 0 = 1 
and Qu = 24,000 at 3.2 cm and 
for a IN 23 crystal in a standard 
waveguide holder for which g = Yoy 
and 6 = Fo, the frequency-pull- 
ing is 0.20 Mc/sec, Pmin = {i)Po 
and Ql = 12,000. 

6«12. Reaction Wavemeter on an E-plane Waveguide T. — A conven- 
ient waveguide circuit for wavelength indication is of the form of Fig. 5-28. 
The line length between the junc- 
tion and the cavity is chosen so that 
the load impedance seen by the 
generator is equal to Zo when the 
cavity is tuned far off resonance. 

This corresponds to a maximum 
power into the load. This ab- 
sorbed power is reduced as the 
wavemeter is tuned to resonance. 

At some particular reference 
planes, the T-junction is repre- 
sentable with an ideal transformer 
and series reactance. At these 
terminals, Fig. 5-28 can be repre- 
sented by the circuit of Fig. 5*29. 

The line length I is chosen such that 



Fig. 5'29.^ — Circuit representation of Fig. 5-28 
at particular reference planes. 


Xi 

Zo 


= —n^ tan fil. 


(58) 


Transforming the cavity circuit into the main loop we have the circuit 
of Fig. 6*30, where 


r + jx == n^Zo 


Zc + jZo tan pi 
Zq + jZc tan pi 


= n^Zo 



Zo 


. ZcXi 

^ Zon^ 


(59) 
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The cavity impedance is 

Zc 


ZoP 


hQu 


l+2j^ 

030 


(60) 


where jS = R/Zoy Qu = o3oRCy and w = coo + 5. 

The power absorbed in the load is a minimum when the total loop 
impedance 2Zo + r + jx + jxi = Z has a maximum absolute value. 
This impedance is represented in the vector drawing of Fig. 5*31. This 
loop impedance has a maximum absolute value, and the power absorbed 



Fig. 6*30. — Alternative representation of Fio. 5*31. — Vector representation of the 
Fig. 6-28 and Fig. 5*29. loop impedance of Fig. 5*30. 

in the load is a minimum for the frequency at which jx + jxi = 0. Solv- 
ing for this condition from Eqs. (59) and (60), we obtain 


, _ cool3 Xi 

"" " 2Q„ ■ Z«n"- 

For this frequency the total loop impedance Z is real and equal to 


Znua. ~ 2Zo -|- Zofi 




The power absorbed by the load at an arbitrary frequency is 

_ E^Zo _ E^Zo 

ZZ* (2Zo + ry + (a: + Xi^' 

Far off resonance this is 

“ 4Z„’ 

while at the frequency for which Eq. (61) is satisfied 

E^Zo E^Zo 


R min 


« ma 




(61) 

(62) 

(63) 

(64) 

(65) 


j^2Zo + ZojS ^ 

The power absorbed by the load has the general shape of Fig. 5-27. The 
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position of wj is given by Eq. (61). In general the curve is somewhat 
unsymmetrical about wo* 

Consider the function AP = Pnjn — P. The sharpness of the 
resonance is given by the rate of variation of this function with frequency. 
In fact, we may define a loaded Q for this wavemeter arrangement as 
Ql = wJ/Acoo where Awo is the frequency range between the half-power 
points of AP. The frequencies cjq ± Aa)o/2 are the solutions of the 
equation 


1 

ZZ* 


1 

2{Z^y 



The solution of this equation is 


. Wo 

~ 2Q„ ■ Zo ■ 


Consider the PPon-cavity discussed in Sec. 5*16 with fo = 9365 
Mc/sec, i3 = 1, Qt* = 23,000, and an P-plane T in rectangular (0.900-in. 

by 0.400-in.) waveguide at this 
frequency for which = 0.767 
and Xi/Zo = 0.132. The line 
length for which Eq. (58) is 
satisfied is 0.473Xp. This is the 
length from the reference plane 
of Fig. 5*29 to the plane at which 
the cavity is represented as a 
shunt-resonant circuit. Making 
correction for the positions of the 
reference planes of the T and the 
cavity, the physical line length 

Fig. 5‘32. — Schematic diagram of the shown in Fig. 5*28 is A52\g = 2.03 
power absorbed in the load of Fig. 5-28 in cm. For this system P^in = 0.513 

^ Po, and occurs at a frequency 

9365 + 0.035 Mc/sec. The bandwidth of the resonance defined in Eq. 
(66) is Awo/27r — 0.57 Mc/sec. The resonance has the shape of Fig. 5*27. 

The resonance curve (Fig. 5*27) for such a wavemeter circuit is almost 
symmetrical and the pulling is small when the line length is chosen accord- 
ing to Eq. (58). However, for other line lengths the resonance curve 
will become quite unsymmetrical and the power absorbed in the load, 
when the wavemeter is far from resonance, will be less than the available 
power. Such a resonance curve is shown in Fig. 5*32. This situation 
will always occur to some extent if the generator frequency is varied over 
a, wide band without changing the physical line length in Fig. 5*28. 

6*13. Iris-coupled Wavemeter on Top of Waveguide. — Of the several 
reaction wavemeter circuits commonly used, that of Fig. 5*33 is perhaps 
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the most satisfactory. The shunt capacitance is placed at the symmetry 
plane B to cancel the shunt inductance of the junction when the cavity 
is far off resonance. The series reactance X» of the iris, as modified by 
the capacitive screw, still appears across the plane A . This series element 
has approximately the value of the off-resonance cavity reactance at the 
plane of the iris. It is part of the cavity-coupling system, and can be 
represented as a section of transmission line of characteristic impedance 
Zo. This leads to the circuit of Fig. 

5*34 at the reference planes A and A/VVi 

where I is chosen such that ^ 

X. = Zotan|8Z. 


Cavity \ 
wavemeter / 


^0 / 


Matched ^ 

^ 

Zr. 

Matched power 

generator a 


measuring load 


Capacitative screw | c 

or iris ' o- - ■ o- — ^ 

Fia. 5-33. — Iris-coupled wavemeter on top Fig. 6*34. — Circuit equivalent of Fig. 6*33 

of waveguide. with Xt =* Zo tan 

The power absorbed by the load is 

p E^Zq 


where 


Z = 2Zo Zq 


Zc + jZo ^ 
Z„+jZ,^ 


with Zc 


and ^ • 

l+2i^ 

0)0 


Far off resonance, this becomes 

_ E^Z, 

“ 4ZI + XI 

The absorbed power is a minimum for 

, , woX. A-iS 


oj « COO + 


This minimum power is 

p . « 

min r~ 

2Zo + Z„p + 


E^Z, 
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The maximum power is slightly greater than Po- It is 




and occurs far from wo- These points 
X ^0 are illustrated in Fig. 5*35. In prac- 

_ tice Xs/Zo is very small, and terms of 

/ the order of (Xg/Zo)‘^ are entirely 

^0 negligible, so that Po — Pmin = E‘^I\Z^ 

Fio. 6-35.— Vector diagram of the loop tO a gOod approximation. 

impedance of Fig. 5-34. tuning curve of the load 

power is very similar to that of Fig. 5-27. If we define the loaded Q as 
for Fig. 5-27, we get, to a very good approximation, Ql ^ r 

1 “T 


corresponds to a bandwidth of 


coo(l +^/2) 


6-14, Reaction Wavemeter on a Coaxial i 

Stub. — In coaxial transmission systems it 
is convenient to use the circuit shown L 


Matehed^ 

generator 


I Matched 


Cavity ‘ N 

Fio. 6*36. — Reaction wavemeter on coaxial stub. Fig. 6-37. — Equivalent circuit of Fig. 

5-30. 

schematically in Fig. 5-36. The line length I is chosen so that, when the 
cavity is far off resonance, the stub is an effective X/4 in length; that is, 
the stub presents an infinite impedance in shunt with the main line. This 
gives the circuit of Fig. 5-37. Figure 5*37 can be transformed into the 
circuit of Fig. 5*38 if the change of stub line length 
Avith frequency is neglected. Here, . 


p’ ® zi 


^ 1 

/X' " £e’ 


and Qu = cooBC = a>o£/r and ^ = R/Zn = Zo/r. 
The power into the load at any frecjuency is 

Z^Z f 

„ E^ Zq “h z\ 


Zq + z\ 



Fig. 5-38.— Alter- 
native representation 
of equivalent circuit 
of Fig. 5-36. 
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where Z = r -4- 2j5<C in the region of resonance and Z = j<» far off 
resonance; here 5 = w — too. The expression for Pi reduces to 


Pl = 


Zo' 


1 + 4 


(S 


+ 2)^ + 16 




in the region of resonance. 

The load power is a minimum for 5 = 0, where 


P 


tuin 


1 

^ ‘ (0 + 2)2 


and a maximum far off resonance, where it is 



The tuning curve is similar to Fig. 5*27 with 

Wo = Wo. 

Defining the bandwidth as for Fig. 5*27 we obtain 

which corresponds to a loaded Q for the resonance of 


Wo Qu 


^0)0 

^+1 

This can also he written as 


11 

17 ^. 

SI n’ 

since 




1 +2 - - 

\ P • ’ 

\ * min 


PRACTICAL MICROWAVE WAVEMETERS 

In this section several typical Avavemeters will be described which 
have been designed and tested in the Radiation Laboratory. Each 
example will be chosen to illustrate a particular mode configuration and 
mechanical arrangement, any of which is suitable for general test purposes. 
In addition to a description of the mechanical and electrical features of 
each of these, theoretical Q values will be included, as well as experi- 
mentally observed values where they are known. Wherever important 
manufacturing techniques are known they will also be included. 
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A Wavemeter consists of a cavity-coupling system having a variable 
dr Wnable resonant frequency. This is accomplished by displacing 
some pdrt of the cavity walls, usually with a screw of known pitch. 
Some of these instruments are essentially self-calibrating in that enough 
pertinent dimensions are directly measurable to give the free-space 
wavelengths of the normal modes. These types were much used in the 
early days of the development of each of the microwave bands. Later, 
when standard frequency sources became available there was a general 
shift to wavemeters which required calibration point by point over the 
tuning range. These instruments frequently have more desirable 
mechanical and electrical properties than the self-calibrating variety. 

The details of calibration and the standardization of frequency will 
not be treated at length since these matters are discussed fully in 
Chap. 6. The effects of temperature, humidity, and air pressure on the 
resonant frequencies of cavities will not be analyzed since these are 
also found in Chap. 6. The chief emphasis in this section will be on the 
physical and circuit aspects of some existing wavemeters. 

5-16. Coaxial Wavemeter for the 3- and 10-cm Regions. — The coaxial 
wavemeter operating in the fundamental TAJM-mode is a rugged and 



Fio. 6*39. — TFS-6 coaxial wavemeter for the 3000 and 10,000 Mc/sec regioiiB. 


dependable instrument, especially in the range up to 10,000 Mc/sec. 
Above this frequency the coaxial size becomes too small for convenience, 
and the drive mechanism must be too precise for easy manufacture. 

The model shown in Figs. 5*39 and 5*40 is typical of these wavemeters. 
A short-circuiting plunger is caused to move along the axis of the coaxial 
cylinders, and a mechanism is provided for measuring this displacement. 
The wavemeter is coupled to an external coaxial line with a loop. At a 
reference plane slightly inside of the cavity the system can be repre- 
sented by a shunt-tuned circuit. The system admittance is infinite at 
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this plane far off resonance and is pure real at resonance, which occurs 
when the cavity length is do » X/2. Successive resonances occur for 
cavity lengths of d = do + nX/2, where n is an integer.^ Thus an 
observation of the plunger displacement between successive resonances 
gives the wavelength directly. 

The plunger is driven with an accurately ground lead screw with a 
^-cm lead (the thread tolerance is ±0.0005 inches per inch in manufac- 
tured units). This screw is attached to a dial divided into 50 equal 







Fig. 5*40. — TFS-5 coaxial wavemeter. 


divisions, each corresponding to 0.01 cm of thread lead. A dial vernier 
is provided for interpolation to 0.001 cm. The screw drives a nut 
which is attached to a tube which carries the short-circuiting plunger. 
The nut is ^ept from rotating by means of a block in a slot. The nut 
is split and loaded with a spring to eliminate end play. The slotted 
phosphor-bronze spring-finger plunger has an annular slot 1 in. deep 
behind the contact plane. This slot acts as a choke in the range X = 10 
cm where it is iX deep and in the range of X = 3.4-cm where it is iX deep. 
The finger tips are chromium-plated for smooth sliding on the silver 
cavity walls. 

The outer tube holds the drive mechanism and forms the outer 
conductor of the coaxial line. It is coin silver with an internal diameter 

^ Because of the finite loss in the coaxial line in the wavemeter, resonances are 
periodic with a period slightly smaller than X/2. This error is, however, entirely 
negligible, being of the order of 10""‘ per cent for a typical 3000 Me /sec wavemeter. 
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of 0.625 in. The center rod is of coin silver and is 0.125 in. in diameter. 
At one end it is supported by a silver-plated plug which closes the cavity. 

In the 10-cm region the cavity is one wavelength long near the center 
of the tuning range. The unloaded Q of a perfect coaxial line of silver 
of the dimensions given and of this length is 3,300 at X = 10 cm. At 
X 3.3 cm this unloaded Q is 6,000. The increase is caused by the more 
favorable length and outer cylinder diameter at the latter wavelength. 

The measured unloaded Q^s fall far short of these theoretical values. 
For example, at X = 10.7 cm, with the coupler shown in Fig. 5*39 and 
using the meter as a reaction device with matched generator and load, 
one measures Ql = 500 and p = 3.0 at maximum coupling. This 
gives a deduced Qu == 1250. The cause of this low value is not known 
but it seems probable that the plunger fingers are at fault, since such 
contacts jire notoriously lossy. It would be better to use a choke 
plunger except that this would work only in certain frequency ranges. 

Wavemeters of this type have been checked against a frequency stand- 
ard. With well-constructed meters, wavelengths can be measured with an 
absolute accuracy of ±0.05 per cent in the 3000-M c/sec range^ provided 
that backlash is eliminated by tuning to successive resonances in the same 
direction. The limiting accuracy is associated with both the Q of the 
resonance and imperfection in the lead screw. 

The coupling to the wavemeter is adjustable by rotating the loop. 
Maximum coupling occurs when the loop is in a plane containing the 
axis of the cylinders, and corresponds to iS « 3 in the 10-cm range for 
the loop shown. The coupling parameter can be reduced almost to zero 
by rotating the loop 90®. 

The meter is usually used as a reaction device by coupling it to a 

coaxial line with a stub such as that shown in Fig. 5-39. In the 10-cm 

region the coupler showm satisfies the condition that the effective stub 

length is X/4 far off resonance. This coupling scheme was treated in 

detail in Sec. 5*5. This wavemeter can also be used as a transmission 

* 

wavemeter by introducing a second loop, usually in the fixed end. 

646. Right Circixlar Cylinder in rJEou-mode for the 3-cm Region. — 
An iris-coupled right circular cylinder operating in the TEon-mode 
has been extensively used as a wavemeter in the 10,000-Mc/sec region. 
The cavity may be coupled to one or more external waveguides. Tuning 
is accomplished by varying the length of the cavity. Figure 5-41 shows 
one model which has been manufactured in quantity. A photograph 

this cavity is shown in Fig. 6*26. The plunger is advanced with a 
micrometer screw (40 threads per inch). A conventional micrometer 
he^ has often been used, although Fig. 5*41 shows a head with a special 
invar screw. Since no currents flow across the gap between the plunger 
and the cylinder for the ri?oii-mode, no chokes are built into the plunger 
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and a simple plate will serve. All of the other modes which can become 
resonant in the tuning range of the cavity have currents across this gap 
and will excite the region behind the plunger. The polyiron absorbing 
disk on the back of the plunger dissipates these fields, thus lowering 
the Q^s of these modes to very small values. Hence, for a fixed iris- 
coupling diameter, the coupling parameters for these modes are very small 
and the reaction on the external circuit is much reduced. Since none 
but the TMiii-mode can become simultaneously resonant with the 



Fi<i. 5-41.— TFX-30 waveineter for 10,000-Mc/sec region. 


desired mode (TEon), this mode-suppression technique prevents any 
detectable resonances other than the desired resonance and assures 
only one resonant frequency corresponding to each plunger displacement. 
In like manner, if the cavity is provided with two irises, the transmission 
is negligible for the unwanted modes. These transmission coefficients, 
which are easier to measure than the change in admittance as the cavity is 
tuned to a very low Q and weak resonance, have been studied and typical 
values are shown in Table 5-3. 

Table 5-3. — Transmission through the Cavity of Fig. 5*41 with Polyiron Mode 



Suppressor 

Mode 

Transmission loss, db 

TEon 

6.5 

TEzw 

> 33 

TEzii 

> 26 


> 50 


The TM Ill-mode requires an extra word of explanation. Since it is 
intrinsically degenerate with the TEou-mode it will be simultaneoudy 
resonant at each plunger setting. Since it also has currents across tiie 
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gap it has a low Q, and, if excited, can lower the Q of the desired resonance. 
This is avoided by preventing its initial excitation by the iris and making 
sure that no cross coupling exists between it and the T Eon-mode. The 
former is accomplished by proper choice of the iris position, such as in 
Fig. 5-41. Cross coupling is avoided by keeping the end plates accurately 
perpendicular to the cavity axis and making the gap uniform. Consider- 
able machining precision is required for these reasons. 



0 0.100 0.200 0.300 0.400 0.500 0.600 0.700 

Micrometer reading in inches 

Fiq. 5t 42. — Experimentally observed m(^e chart for the wavemeter of Fig. 5-41. 


The resonant wavelengths of the several possible modes are given 
only approximately by the formulas of Sec. 5*4 because of the iris and 
the gap. This necessitates an experimental determination of the 
resonant frequencies. Such results are shown in the mode chart of Fig. 
5'42. The wavemeter is usually calibrated for the region inside of the 
dotted rectangle (8500-9600 M c/sec). It was found possible to manu- 
facture these wavemeters with sufficient precision so that a standard 
tuning curve (micrometer reading vs. resonant frequency) gave the true 
rei^pnant frequency of any meter, to an accuracy ±3 Mc/sec, provided 
the meter was adjusted to coincide with the standard at a single plunger 
setting. Details of this procedure are found in Chap. 6. 
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The invar cavity is finished internally by grinding, honing, or buiffing 
all surfaces, copper plating (0.0003 in.), buffing or polishing, silver 
plating (0.0002 in.), and finally polishing. This procedure is meant to 
give a smooth, homogeneous silver surface of as high a skin conductivity 
as possible. Actually, little is known of how to produce plated surfaces 
of the lowest possible loss other than to ensure that the coating is free 
of fissures or rough spots. A high polish in itself may do little good. 

The unloaded Q of a perfect right circular cylinder resonating in the 
TEoii-mode is given in Sec. 6-4. If we assume the d-c value for the 
conductivity of silver at 25®C, we find for the given dimensions that 
Qu = 27,400 at 9365 Mc/sec (3.20-cm free-space wavelength in the 
standard atmosphere). The values of Qu deduced from measurements of 
the loaded Q and coupling parameter sometimes approach this value. 
With coupling parameters of the order of unity, Qu values as high as 
24,000 have been observed. However, many cavities have much lower 
unloaded Q’s sometimes traceable to poor plating or faulty alignment of 
the parts. There is some evidence that the deduced unloaded Q falls 
rapidly as the iris diameter is increased from that corresponding to = 1. 
This may be due to increased excitation of the lossy TAfin-mode. 

The reaction meters are provided with irises of 0.250-in. or 0.290-in. 
diameter and are mounted either on the top or at the end of a 0.900 by 
0.400-in. (ID) waveguide. In the latter form the waveguide is made 
\g/4 long, for X = 3.2 cm, and is provided with a flange for joining it 
to a waveguide circuit. Far off resonance no currents flow across this 
joint. The 0.290-in. iris diameter gives n, coupling parameter of about 
unity, for meters with Qu « 23,000 at X = 3.2 cm, and somewhat less with 
inferior cavities. The loaded Q depends, of course, on the external 
circuit. 

The transmission meters are provided with two 0.250-in. diameter 
irises feeding X^/4 sections of 0.900 by 0.400-in. (ID) waveguide. The 
best of these cavities have a transmission loss of 6.0 db at 3.2 cm cor- 
responding to Qu =* 23,000, Pi — P 2 — i, and Ql = 11,500. 

6*17. Right Circular Cylinder in TEowtaode for the 10-cm Region 
(TS-270). — A TjEoii-mode cavity similar to that described in Sec. 5-16 
has been used in the 10-cm region as an echo box and a wavemeter. One 
form of this cavity is shown in Fig. 5-43. Tuning is accomplished by 
varying the cavity length between the limits shown in the figure, cor- 
responding to resonant wavelengths of 10.3 to 11.2 cm. The plunger 
design follows that of Sec. 5- 16. Coupling is provided by loops, one on 
the side and one on the top. The top loop is normally connected to a 
crystal detector whose output indicates resonance. The drive mechanism 
displaces the plunger without rotation, using a rotating micrometer 
screw attached to the main dial and a nut attached to the plunger. 



3 



Fig. 5.43. — TEon-mode cavity for the 10-cm region. 
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The main dial also drives a vernier dial through a gear reduction. The 
dials are calibrated in frequency and a calibration curve is supplied with 
the cavity. The cavity material is silver-plated bronze. It is sealed with 
rubber gaskets and a sylphon bellows. 

The theoretical unloaded Q for a plunger setting at the center of the 
tuning range (2800 Mc/sec or 10.7 cm) is calculated from Fig. 5T4 to 
be 55,000 assuming pure silver walls. The loaded Q .has been measured 
to be 42,000 with a total coupling coefficient of about 0.1 giving a deduced 
unloaded Q of 46,000. The application^ of this cavity as an echo box 
is described in Vol. 22, Chap. 10. 

6* 18. Right Circular Cylinder in TEun-mode for the 1-cm Region. — A 

self-calibrating wavemeter operating in the lowest round-waveguide mode 
(TEn) has been used in the 24,000-Mc/sec region. One form of this 



Fia. 5'44.- TFK-2 wavemeter for the 24,000-Mc/sec region. 


cavity is shown in Fig. 5*44. A standard micrometer head is used to 
drive a choke plunger which is pressed on the spindle. Several successive 
resonances of the 77^ii-mode occur in the f-in. tuning range. These 
lie Xo/2 apart, and if the internal diameter of the cylinder is known, 
the free-space wavelength can be computed from the displacement 
corresponding to \g/2. 

In Fig. 5*44 the cavity is excited from the end of a rectangular wave- 
guide with an iris. This is suitable only for a reaction meter. Trans- 
mission meters are excited with irises Xp/4 from the cavity end, one on 
either side of the cavity and in a median plane. The end-on coupling 
is largely magnetic and the electric vectors in the external waveguide 
and inside the cavity are polarized in the same direction. In the trans- 
mission cavity, the electric vector in the cavity lies in a plane per- 
pendicular to the waveguide axis. 

The horsehoe strap across the iris in Fig. 5*44 eliminates the double 
response which is sometimes observed in these wavemeters and which 
arises from ellipticity in the cylindrical cavity or in the plunger gap. 
This is seen as follows. In a perfect cavity any two T^'n-modes which 
are orthogonal can be used to describe the cavity fields, and since they 

^ Cf. also ^^Instruction Book for Model OBU-3 Echo Box Test Set,” Ships 308-A, 
U. S. Navy Dept., June 15, 1944. 
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resonate at the same frequency they are indistinguishable from measure- 
ments in the external line. If the cylinder or the plunger gap is eccentric, 
the resonant frequencies of these two modes are split and they are 
polarized along the axes of the ellipse. Depending on the orientation 
of these axes with respect to the exciting waveguide more or less power 
will be coupled to each of the modes, but, in general, both will be coupled 
and two resonances will be observed in each \g/2 travel of the plunger 
(of the order of 5 to 14 Mc/sec apart for a group of manufactured units). 
The strap introduces a very large eccentricity which polarizes the two 
modes in planes parallel to and perpendicular to the electric vector in the 
external waveguide and splits them so far apart in frequency that no 
resistive coupling can introduce cross coupling. Only the mode polarized 
in the plane of the electric vector in the external waveguide is excited to 
any degree, and so the double resonance is eliminated. 

All of the cavity parts are of pure silver. The tube is accurately 

( I QQQ5\ 

~ oooo) plunger 

is provided with a choke in the form of an annular cup X/4 deep for 
X = 1.25 cm. This is suitable since the fields excited in the plunger are 
in the coaxial T^Jn-mode which has a wavelength very nearly X for the 
dimensions used. The very-low-impedance line formed by the outside 
of the plunger and the cylinder improves the choke action, as it is 3X/4 
in length. An absorbing disk is placed behind the plunger to eliminate 
resonances in the back cavity, which might conceivably be strong enough 
to give spurious indications. 

In the 24,000-Mc/sec region the cavity is tunable to three resonances 
corresponding to the TEm-, TEutt, and 7'i^ii8-modes. The theoretical 
unloaded Q’s of a perfect silver cylinder resonating in these modes 
are 8,200, 9,500 and 10,200 respectively. The experimental values 
deduced from measurements of loaded Q^s and coupling parameters are 
very nearly as large as those calculated. In fact, they seem too large to 
be consistent with the added loss 'which must be introduced by the 
plunger. These measurements were taken with a O.lll-in.-diameter 
coupling hole. Typical measured values for the 7'£iu-mode are 
Ql = 3500, = 1.3, giving a deduced Qu = 8000 for a resonant fre- 

quency of 24,000 Mc/sec. 

6*19. Hybrid Ti^oii-modc Wavemeter for the 1-cm Region. — The 
wavemeters discussed thus far have all been of simple shape: coaxial 
and right circular cylinder. Above 20,000 Mc/sec, all of these simple 
cavities have too large a tuning rate (change in resonant frequency per 
unit displacement of a plunger) to be consistent with the available pre- 
cision of drive mechanisms. This suggests a cavity in which only a part 
of the cavity wall is displaced, preferably in a region of low field intensity. 
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Such cavities nave been studied^ for the case of a right circular cylinder 
tuned by a concentric cylindrical post somewhat shorter than the cavity. 
Such cavities are commonly called partial coaxial or hybrid cylindrical 
cavities. 

It is seen by referring to the curves of Barrow and Mieher that the 
resonance frequency of the TJ^on-mode in 
the right circular cylinder is displaced 
only a little by the post. The Q of this 
mode is, of course, quite high and should 
not be lowered very much by the post. 

Since the coaxial TEon-mode as well as 
the J'-Eoii-mode for the cylinder have cir- 
cular currents in the end plates it is pos- 
sible to introduce the post through a 
loose-fitting hole in one end plate with- 
out providing chokes or contact fingers. 

Figure 5*45 shows one form of the hybrid 
2' Eon-mode cavity which has been used as 
a wavemeter in the 24,000-Mc/sec region. 

Considerable cut-and-try work was done in the design of this cavity. 
Most of this was an effort to get a linear frequency- vs.-displacement 
curve so that an evenly divided dial could be calibrated directly in 
megacycles per second. Some work was also done to eliminate unwanted 


0.420” X 0.170” ID wave guide 



a *0.8584” ^*0.432” 

c*0.1110” S*0.250”mln 

I>*0.6607” P*0.1250" 

Fio. 6*45. — Hybrid TEon-mode wave- 
meter or the 24,000-Mc/sec region. 



Fig. 5*46. — Error curve for cavity of Fig. 5-45, set at 24,000 Mc/sec, per revolution of 
47-thread-per-inch plunger screw. 

resonances, in particular that of the Tii^sn-niode, and to achieve a more 
constant coupling parameter and loaded Q throughout the tuning range. 
All of these problems are adequately solved in the model of Fig. 5*45. 

The tuning post is driven by a 47-thread-per-inch screw giving a 
nominal tuning rate of 100 Mc/sec for each revolution. The post 
insertion is set so that the tuning rate is exactly the nominal value at 

* W. L. Barrow and W. W. Mieher, Proc. Inst. Radio EngrSj N. Y. 28 , 184 (1940). 
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24,000 Mc/sec. An error curve showing the departure of this tuning 
rate from the nominal value is shown in Fig. 5-46. The small wiggles 
in the curve of Fig. 5-46 are due to eccentricity as the plunger rotates. 
At 24,000 Mc/sec the dimension S in Fig. 6*45 is approximately 0.37 
inches. The exact insertion of the plunger at 24,000 Mc/sec is, of 
course, set by comparison with a frequency standard. It should be noted 
that the resonant frequency increases with increasing plunger insertion. 

The cavity length is chosen so that no mode crossings occur within 
the tuning range (23,500 to 24,500 Mc/sec). The tuning rate is not 
appreciably influenced by this dimension but depends markedly on 
the post diameter which was chosen to give the smallest average depar- 
ture from a tuning rate of 100 Mc/sec per revolution over the tuning 
range. 

The iris opening is chosen to give a 50 per cent dip in transmitted 
power when the cavity is coupled to the top of the waveguide. This 
corresponds to a coupling coefficient of = 0.83. This coupling is nearly 
constant ( ± 5 per cent) over the tuning range of the cavity. 

The measured loaded Q of this cavity is Ql ^ 6,000. Referring to 
Sec. 5*5 this corresponds to a deduced unloaded Q of 8500. This is 
much less than the theoretical value for the unloaded Q of a perfect silver 
cylinder in the TSon-mode which is 19,600. However, the coaxial part 
of the cavity is very near or beyond cutoff for the coaxial rJS'on-mode 
and the theoretical Q is much lower than the value for the cylinder. 

MEASUREMENTS ON CAVITY- COUPLING SYSTEMS 

The Q-factors and coupling parameters of cavity-coupling systems 
can be measured by a number of methods any of which can be placed in 
one of three categories. 

First, there are measurements of power transmission, through or past 
a cavity, as a function of frequency or cavity tuning. With a two-line 
cavity, the transmission through the cavity is measured ; with a single-line 
cavity a reaction circuit is used. These methods yield loaded Q-values 
using the formulas of Secs. 5*10 to 5-14. 

In another class of methods, the magnitude and phase of the waves 
reflected from a cavity system are measured as a function of frequency 
or cavity tuning. The magnitude of the reflection is usually measured 
for high-Q systems where the reflection coefficient is a rapid function of 
frequency. For low-Q systems a measurement of the phase of the 
reflected waves is more convenient. When properly used these methods 
3 deld both Ql and /3. 

For systems with very high Q-values neither of the above methods is 
satisfactory. With suitable apparatus however, it is possible to measure 
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the rate of decay of shock-excited fields in such cavity systems and hence 
to derive Ql from decrement formulas. 

In several of the methods mentioned it is desirable to have a signal 
source of very high frequency stability and preferably one which is 
tunable over a known range of frequencies. Crystal-controlled radio- 
frequency oscillators followed by a chain of frequency multipliers have 
been used for this purpose (see Chap. 6). These frequently have a very 
low output power so that highly sensitive receivers must be used as 
indicating devices. This difficulty has been overcome by using the 
multiplier output voltage as a locking voltage for a klystron multiplier, 
but the resulting apparatus is rather cumbersome. The stabilized 



Fig, 5-47.“ -Tunable microwave frequency-stable signal source. 


oscillators recently developed by Pound ‘ are more convenient sources of 
frequency-stable signals. These devices are discussed in Chap. 2. 

These stabilized oscillators can be tuned directly with the stabilizer 
cavity, which may be calibrated against a frequency standard (Chap. 6). 
This method is suitable if frequency differences need be known only 
with moderate precision ( ± 10® cps). For higher precision the tuning and 
caUbration difficulties in this method are considerable and other tuning 
procedures are more attractive. One such method is the use of a single- 
or double-sideband modulator to put sidebands of known frequency 
separation on the stable signal. One or several of these sidebands can 
then be used as a variable-frequency source. 

Figure 5-47 shows a tunable, frequency-stable source employing a 
single-sideband modulator, which is perhaps more desirable than other 
modulators since only one of the first-order sidebands (plus higher-order 
sidebands, in general) is emitted. The transmission-line circuits may be 
either waveguides or coaxial lines. The line lengths I and I ■+• X^/S 
are electrical or phase lengths to the crystal contacts. The crystals 

^ R. V. Pound, “An Improved Frequency Stabilization System for Microwave 
Oscillators, “ RL Report 837, Oct. 26, 1945; “An Electronic Frequency Stabiliza- 
tion System for c-w Microwave Oscillators," RL Report 815, Oct. 1, 1945. 
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must be accurately matched to the lines if no carrier is to be emitted. 
The signal frequency F + / is varied by changing / which is produced by 
a calibrated radio-frequency generator. It is usually necessary to know 
with precision only differences in frequency so that F need be known only 
to within a few megacycles per second. 

As the power level of / is increased, the level of F + / increases until 
it is of the order of 4 db below the level of F for the optimum form of 
the time variation of the crystal impedance. The remainder of the carrier 
power is distributed into the F — / sideband, which is lost in the 
oscillator, and higher-order sidebands, some of which are emitted. The 
main experimental problem is to obtain a signal level which is independent 
of modulation frequency, since otherwise the power must be monitored. 

Of course, the circuit of Fig 5*47 is only one form of a variable-fre- 
quency sideband generator. Other and simpler forms using a single 
modulating crystal in which both sidebands are emitted ara often quite 
satisfactory. 

6-20, Transmission Measurements with a Two-line Cavity. — Any of 

the wavemeter circuits of Secs. 5*10 to 5*14 are suitable for measuring the 
loaded Q of a cavity system from the variation of transmitted power with 
frequency. Of these, the simplest is the two-line cavity with a matched 
generator and a matched load (Fig. 5*21). We have seen that the 
transmission loss (power into load divided by available power from 
generator) is 


T(a,) 


W2 

(1+^1 + W* + Qu {- - -) 

\coo O) / 


for this arrangement, where co is the signal frequency and wo the resonance 
frequency of the cavity (or vice versa). At w = wo this reduces to 


r(a,o) = 


4i8i/32 

ii + Pi + 


and the frequency difference between the points at which !r(w) = ir(coo) 
is 

Ot _ ^*^0 __ Wo(l + + /32) 

^ 

In practice 26o/wo is measured with a swept system (Sec. 6*31) or by 
measuring T{w) point by point. In any case Ql is given by the variation 
in r(«). If fix and are also desired, it is necessary to make some other 
measurement such as the input and output impedances of the cavity at 
resonance. 

The details of the apparatus will, of course, depend on the frequency 
range in question and individual preferences. However, they will all 
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resemble Fig. 5-48 to some extent. The signal source is some sort of 
tunable or swept-frequency stable oscillator. The receiver can be a 
crystal detector and d-c meter, or if modulation is employed, it can be 
an audio-frequency amplifier, a spectrum analyzer, or a conventional 
superheterodyne receiver, depending largely on the power available. 
If, for example, the available signal power is 10“"® watt, and if two 10-db 
pads are used; 100 /xw are available at the receiver when the cavity is 



Fig. 5-48. — Transmission-loss apparatus. 


removed, and a crystal detector can be used with cavities of reasonable 
insertion loss (20 db or less). The pads are made large enough to 
prevent frequency-pulling of the cavity and to assure that the cavity 
loads are each Zo. If both the generator and load are reasonably matched 
something less than 10 db is entirely adequate. Without a stabilized 
oscillator large pads would be required to prevent frequency-pulling 
of the oscillator. 

It is not necessary to discuss the measurement of Ql with the other 
circuits of Secs. 5*10 to 5* 14. The apparatus resembles that which has 
just been discussed. The loaded Q^s are calculated from the formulas 
derived in the preceding paragraphs. 

6-21. Standing-wave Measurements on Cavities. — The measurement 
of the amplitude or phase of waves reflected from a cavity-coupling 



Fio. 5*49. — Apparatus for measuring standing waves from cavity. 

system as a function of frequency yields both Ql and the coupling 
parameter /3. The amplitude measurements are most sensitive vath 
high-Q systems, whereas phase measurements are better for low-Q 
systems. Either can be made with the apparatus of Fig. 5*49. The 
generator is any of those previously mentioned. It is usually provided 
with a pad of several decibels insertion loss, matched so that the cavity 
is loaded by the Zo of the exit cavity line. The slotted section is of 
coaxial line or waveguide and carries a scale for measuring phase. The 
receiver can be a crystal detector and d-c meter or an a-c amplifier if 
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the generator is modulated, or better, a spectrum analyzer or a super- 
heterodyne receiver. If the superheterodyne receiver is used its local 
oscillator must track with the generator. Any of the usual methods can 
be used in comparing the maxima and minima of the standing-wave 
pattern to give the standing-wave ratio. 

Amplitude Measurements , — The analysis of the amplitude of the 
standing-wave ratio to give Ql and is easily derived from the treatment 
in Secs. 51 and 5-2, and from the material of Chap. 8. It was shown 
that the VSWR of a terminating impedance Z in a transmission line of 
characteristic impedance Zo is 


_ |Z + Zo| + |Z - Zol 

\z + z«i - iz - 41’ 


(67) 


( 68 ) 


or, in terms of admittances, 

^ _ |r + y„| + \Y- Fol 

\Y + Fol - \Y - For 

At the reference plane at which the cavity-coupling system is repre 
sentable as a simple series circuit the terminating impedance is 

Z = R +jX « R+j2RQA, 

JO 

where Qu = IrjJLIR and / = /o + 5, and Eq. (07) becomes 
I v/(Zo + RY + + I V(2o - RY + X-i 


1 V(2o + RY + - 1 V(Zo - RY + X-^\ 

For 5 = 0, Eq, (69) reduces to 

Zo 


(69) 


U = for R < Zo, 


or 


To = 


z,’ 


for R > Zo. 


At the frequencies /o ± 5i, for which 2/iQ„(6i//o) = ± (Zo + R), Eq. (69) 
becomes 


1 + 


ri = 


1 + 


(&) + 'J'+(r) ‘ + (§) + + (¥) 


These frequencies /o ± 5i are those for which 
fo I _ Qu _ Qu 


±25i 


— + 1 
R ^ 




— Ql, 


(70) 


(71) 
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where the coupling parameter j8 is defined in the usual way as Zo/ff. The 
procedure is to measure r as a function of frequency, to determine the 
minimum r = ro, to calculate Vi from this by Eq. (70), and to note 
the frequency separation 25 1 between 
the points at which r = ri. From 
this one gets Ql from Eq. (71), and 
since ro = or l/zS, one gets and 
Qu as well. There is only one point 
of confusion in this procedure; it is 
necessary to determine whether ro = jS 
or 1 /jS, that is, to determine whether 
> Zo or R < Zo. This is illu- 
strated in Fig. 5*50. For locus (a)> 

R > Zq and ro = R/Zo = 1//3. For 
locus {b)y R < Zo and ro = Zo/R = 

These two cases are best denoted by 
the following observation: for ro = 
the position of the minimum of the 
standing-wave pattern moves Xo/4 as / goes from a value far off resonance 
to /o ; while f or ro = 1 //3 the minimum position is the same far off resonance 
as at /o. It is to be noted however that ri is the same for Tq — and for 
ro = l/i3. 



Fig. 5-50. — Impedance contours of cavity 
system near resonance. 





Fio. 6-61. — VSWH of cavity at frequen- 
cies /o i 5i, for which Ql /o/25i, as a 
function of or 1//3. 
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Fig. 5-52.— VSWR of a TFX-30EC 
cavity (0.29 15-in. -diameter coupling hole! 
tuned to / = 9370 Mc/sec. 


A plot of Eq. (70) is shown in Fig. 5*51. It is seen that ri is less than 
10 in the range 0.26 < < 3.85. This is the most useful range for the 

procedure outlined above, and other methods or techniques should be 
used for larger values of ri. One can, for example, choose some smaller 
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value for 6i and calculate the VSWR analogous to ri for this 6i as well as 
a new relation between Ql and /o/ 5i. 

As an example of the procedure discussed, consider the data of Fig. 
5-52 in which r is plotted vs. 5 for a TFX-30 cavity tuned to /o = 9370 
Mc/sec. The apparatus of Fig. 5*49 was used with a 723-A tube and a 
Pound stabilizer, tuned with a calibrated cavity. A spectrum analyzer 
was used as a receiver. The VSWR at resonance was ro = 1.55 and the 
minimum in the standing-wave pattern at resonance was at a distance 
X^/4 from the position of the minimum when the generator frequency was 
far off resonance (as in locus (6) Fig. 5*50.) Thus /S = 1.55. For this 
value of ri is 6.20 (from Fig. 5*51) and the frequency separation is 
1.16 Mc/sec. Thus Ql = 9370/1.16 = 8080 and 


Qu = (1 + 1.55)8080 = 20,600. 

The admittance case, proceeding from Eq. (68), is derived in an 
analogous manner. Here the loci of Fig. 5*50 are the admittance con- 
tours at a reference plane where the cavity system is representable as a 
simple shunt-resonant circuit, (fiCL), The VSWR at resonance is 

( for G > Fo, 

ro = y (72) 

for(?<ro. 


The coupling parameter is /3 = Yq/G which equals ro for G < l"o or 
1/ro for (? > Fo, corresponding to loci (5) and (a) respectively in a 
diagram identical with Fig. 5*50 for admittances. The VSWR at which 
2(7Qu (5i//o) = ±(Fo + G) is given by 


1 + 


ri = 


1 + 




( 0 . 

(0 


1 + 


1 + 


(t) W' 

fe) - V' (W’ 


(73) 


which is the same as the function of Fig. 5*51 ; and as before Ql — /o/26i, 
and Qu = (1 + P)Ql- This complete analogy between the impedance 
and admittance analyses is evident if one recalls that the shunt-resonant 
admittance function is given by transforming the series-resonant imped- 
ance function a distance \g/^ along the line and replacing all impedances 
Z by \/Z = y, a procedure which to a first approximation gives an 
admittance locus identical to the original impedance locus. 

6*22. Phase Measurements. — The loaded or unloaded Q of a cavity 
can also be found from the phase shift in the standing-wave pattern as a 
function of frequency in the region of resonance. For low-Q systems 
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which are tightly coupled 1) these measurements are very sensitive 
whereas the magnitude of the VSWR changes very slowly with frequency. 

The basis for the measurement is easily illustrated. Consider the 
impedance function of a single-line cavity-coupling system at a reference 
plane at which it is representable as a simple series /2LC-circuit. This is 

Z ^ R+ j2RQ. L (74) 

Jo 

where Qu = 27r/oL//2 and / = /o + 5. At a frequency shift Su = fo/2Quy 



Fia. 5-53.- — Smith impodanco diagram showing tlie phase shift Au in the standing-wave 
minimum for the frequency shift 5u ^ fo/2Qu\ also the phase shift Al for the frequency 
shift = fof2QL, 

Z — R + jR, The corresponding phase shift of the standing-wave 
minimum relative to the minimum position at resonance is most easily 
found with a circle diagram. Consider the construction of Fig. 5-53. 
Locus (1) represents the impedance function of Eq. (74). The inter- 
section of this circle with locus (a) gives a point Pu at which Z — R jR. 
The corresponding phase shift in the standing-wave minimum relative 
to the minimum position at resonance is Aw. A plot of Anun/Xi; vs. R/Zo 
is shown in Fig. 5*54 for the above condition (6u = /o/2Qu). It is to be 
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noted that all phase shifts are measured from the standing-wave-minimum 
position at resonance. 

The conductance case is treated similarly. If terminals are chosen 
such that the cavity system is a simple shunt-resonant (zLC-circuit, 


II Bi 
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Fig. 5*54.— Shift in standing-wave minimum Au/X^ (relative to minimum position at 
resonance) corresponding to a frequency shift 5ii = (/u — /o) = /o/2Qu. 
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Fio. 5*55. — Shift in standing-wave minimum A/VXp (relative to a minimum position 
at resonance) corresponding to a frequency shift = (//. — /o) *= /o/2Q/,. 

the admittance function is 

r « G + i2GQ„ L (75) 

Jo 

where 0„ = 2irfQCIG and / = /o + 5. At a frequency shift 5u = fo/2Qu 
we have F = G + jG, The corresponding shift in the standing-wave 
minimum relative to the minimum position at resonance is given in 
Fig. 5*54. 
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If the frequency shift hu is too small to be measured conveniently, 
the frequency shift 5 l = S^/2Ql can be used. At this frequency Eq. (74) 
becomes Z = /2 + j{Zo + R). The corresponding shift in the minimum 
relative to the minimum position at resonance is given in the construction 
of Fig. 5*53 and is labeled Al. Figure 5*55 is a plot of this shift vs. 
R/Z, or G/Yo. 

It is clear from the preceding paragraphs that one can conveniently 
get both Qtt and Ql from phase measurements. If both of these are 



Fio. 6*56. — Measured phase shifts for a cavity resonating at 9370 Mc/sec with G/Yi = 

0 . 112 . 

measured, one has a check on the conductance at resonance since 

Qu = Ql{1 + 

The above methods are illustrated by the data of Fig. 5*56 taken with 
a cavity resonating at fo = 9370 Mc/sec, with G/Yo = 0.112. From 
Fig. 5-54 we have Au/X(/ = 0.018 corresponding to 25 m = 2.3 Mc/sec, 
giving Qu = 9370/2.3 = 4070. From Fig. 5*55, ArjXg = 0.134, cor- 
responding to 25 l = 22.7 Mc/sec, giving Ql = 9370/22.7 = 413. From 
these Q values, P == — 1 = 8.9 which checks with Yo/G = jS = 8.9. 

In the foregoing treatment we have used phase shifts as phase 

angles between minimum positions. If there is no dispersion (that is, 
X = \g) in the exit transmission line, the measured A^m values, in centi- 
meters, can be used directly to give Amin/X^. However, if there is dis- 
persion, this is subject to a correction depending on the ratio \g/\y the 
total X-interval experimentally used, and the number of wavelengths 
between the cavity and the measuring probe. In the case of very-low-Q 
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systems where a large X-interval is used this may introduce an appreciable 
correction. 

In order to avoid confusion arising from the algebraic sign of A^un let 
us consider lA„^l. It is then true that the measured [Ai^inl is always 
greater than or equal to the |Anun| which appears in all of the foregoing 
formulas. That is, the rate of change of phase with frequency is always 
increased by dispersion in the transmission line, a result which follows 
from Foster’s reactance theorem. The correction which must be 
applied to lAi^i^l is 



where x is the distance from the cavity to the probe. 

6*23. Decrement Measurements. — For very-high-Q cavity systems, 
the frequency stability required to make transmission and standing- 
wave measurements becomes rather difficult to achieve. In such cases 
it may be more convenient to use decrement measurements. This has 
been extensivelv investigated in connection with the use of *‘echo 

boxes” for the measuremeht of radar- 
system performance. The point of 
view here is somewhat different from 
these studies which are concerned with 
the time required, after the termina- 
tion of the transmitted pulse, for the 
signal from an echo box to decay to 
the minimum detectable receiver 
signal. From this time interval, an 
over-all figure of merit, including trans- 
mitter power and receiver sensitivity, 
can be found for the radar system, making use of a cavity of known 
Q-factor and coupling parameter. Here this problem is inverted to find 
the Q from decrement measuremefats. 

Suppose that the cavity system in question has only one resonant 
mode in a certain frequency range. Then for these frequencies it is 
representable at certain reference terminals as a simple series- or shunt- 
resonant circuit. Let the cavity be connected to a matched generator 
of available power Po. The circuit is that of Fig. 5-57 at a particular 
reference plane. Let E(i) be a step function of amplitude 





Fig. 5*57.^ — Equivalent circuit of 
cavity system at a particular reference 
plane. 


E^ = 2 

starting at time < = 0 and of frequency w. It is well known that if 

n {R + ZoY 


4L2 


(the damped angular frequency of the loaded 
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cavity system) the current builds up according to^ 

■p R-{-Zo 

iit) = ~ ^ 

If the generator is now extinguished at a time r the current decays 
according to the law 

i{T) = iir)e ^ ( 77 ) 

where T is measured from the extinguishing time and z(r) is the value of 
Fq. (76) at ^ = T. «. 

Thus 

i{T) = (1 - ') e cos wt. (78) 


The decaying voltage measured across Zo is E{T) = i{T)Zii and the 
power absorbed in Zo is P{T) = i(TyZo. Hence Eq. (78) becomes 



2Zo 

(« + Z„) 


(I -e 


R-}-Zo _R-\- Zo— 

2L ^)e. . 


In terms of the constants Qi = Qu/(1 + fi), Qu. = o>L/R and /3 = Zo//? 
this becomes 



2/3 

1 


(1 - e 


20, .)g 



(79) 


The decrement is obtained by measuring P{T) at two times, T' and 
T". The ratio of the corresponding P{T) values is 


V 


P{T) 

r{T") 


= e 


2Ql 




(80) 


Equation (80) is of course directly obtainable from Eq. (77). The 
reason for deriving the complete expression Eq. (79) is so that the total 
time T can be calculated for a particular minimum detectable P{T), 
Consider a typical example in which P{T) is detected with a super- 
heterodyne receiver having a minimum detectable power of 10“^^ watt. 
Let (0 = 27r X 10^° radian/sec t = 10~^ sec Ql = 10® /3 = 0.1 and 
Po = 10”^ watt such as could be easily obtained from a reflex klystron. 
Then the time T required for the decaying signal to reach 10“^^ watt is 


= 3(10)-^ sec, 


2/3 

I + H 


(I - c 


* For example, K. A. Ouillemin, “Communication Networks,” Vol. I, Wiley, New 
York, 1931, p. 92. 
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which should be ample for the measurement. Keeping other factors 
constant, if Qt = 10^ this interval decreases to 3(10)“* sec, which is 
about as short as is convenient to measure. 

An apparatus for measuring decrements could take the form of Fig. 
5-58. The oscillator is a reflex klystron; the receiver is a conventional 
superheterodyne receiver with crystal mixer, an i-f amplifier 1-Mc/sec 
wide, a detector, and a video amplifier. The oscilloscope has a fast sweep 



Fia. 5-58. — Apparatus for measuring decre- 
ments of cavity systems. 


Fio. 5*59.^ — Oscilloscope 
pattern of decay of oscillating 
cavity. 


circuit which is triggered by the modulator. The oscilloscope pattern is a 
plot of Eq. (79) with perhaps some nonlinearity in the voltage scale. 

Such a pattern is shown in Fig. 5-59. One picks a certain fiducial 
mark such as 0 in Fig. 5-5. An attenuation of, for example, A db is 
then introduced in the receiver and the sweep delay is shortened by an 
amount AT sec, so as to restore the trace to its original position. Then 
from Eq. (80) 


0) _ 2.303 A 
Ql 10 AT 


(81) 


For example if A = 3 db, w = 2t(10)‘® radian/sec, Qt = 5(10)*, the 
change in sweep delay is AT = 0.549 nsec. 

If the frequency of the oscillator is not constant from sweep to sweep 
the pattern of Fig. 5-59 will be fuzzy. However it will have a sharp 
edge (right-hand edge of trace shown) corresponding to the damped 
resonant frequency of the cavity since other frequencies will excite the 
cavity to a lesser degree. 




CHAPTER 6 


FREQUENCY MEASUREMENTS 

By Louis B. Young 

Associated with all electromagnetic phenomena are two quantities, 
frequency and wavelength, which are related by the velocity of light in 
the medium of propagation, 



Either quantity may be chosen as a basis for standardization, but once 
this choice has been made, the other quantity must be derived from a 
knowledge of the velocity of light. Since this velocity is a function of 
the medium of propagation, the accuracy to which the dependent quantity 
may be determined hinges on the engineer's ability to correct the velocity 
in vacuum to fit his experimental conditions. Therefore standardization 
should be made on the quantity which requires the greatest accuracy 
in application. In addition, consideration must be given to the ease and 
accuracy of measurement of the quantity chosen for standardization. 

It is apparent that frequency requires the greatest accuracy of 
measurement since the alignment of transmitters and receivers is depend- 
ent on it. Wavelength is the convenient quantity on which to base 
microwave impedance design problems, but the accuracy to which wave- 
length must be kno\vTi is not nearly so great as in the case of frequency. 
The measurement of frequency involves a standard of time; that of 
wavelength, a standard of length. Standard time signals and standard 
frequencies whose submultiples agree precisely with standard time are 
made available by radio broadcast. Equally accurate standards of 
length are not readily available, and, if they were, the technique of the 
comparison of lengths, even in the microwave region, is not so easy nor 
capable of so great accuracy as that of frequency comparison. It is 
indeed fortunate that standards of frequency can be built with ease and 
accuracy since frequency must be known to great accuracy in application. 
Consequently, frequency has been chosen as a basis of standardization, 
and this chapter will deal with primary and secondary standards and 
with the measuring equipment developed to use them. 

PRIMARY FREQUENCY STANDARDS 

6'1. General Requirements. — A true primary frequency standard 
consists of a stable oscillator with which a clock is synchronized for 
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comparison with standard time. The National Bureau of Standards 
maintains seven crystal-controlled oscillators which are trimmed so that 
their mean frequency provides a time indication in exact agreement with 
astronomical observations of the U.S. Naval Observatory. One of these 
oscillators provides frequency multiples for radio transmission from 
Station WWV. By careful intercomparison of all seven oscillators, it is 
possible to avoid the use of an oscillator whose frequency has large 
cyclical deviations from the mean. The accuracy achieved in these 
transmissions is better than 1 part in 10^. 

Microwave frequency standards do not require such high accuracy 
because of the limitations placed on their utilization by existing measuring 
equipment and techniques. Therefore the elaborate means used to 
maintain the accuracy of the national standard of frequency can be 
omitted. In fact, a single crystal-controlled oscillator that can be 
monitored, relative to standard-frequency broadcasts, is an adequate 
basis for a microwave standard. Stability over long periods is highly 
desirable in the event that standard-broadcast reception is interrupted, 
but the only essential requirement is negligible frequently drift during a 
measurement. 

6-2. Microwave Frequency Generation. — The frequency of the crystal 
oscillator is raised to the vhf region by means of vacuum-tube multipliers. 
The vhf multiple of the crystal frequency is raised to the microwave 
region by using a silicon crystal rectifier as a harmonic generator. These 

Standard- 



Fia. 6-1. — Microwave frequency standard. 
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harmonics represent a series of standard microwave frequencies that are 
spaced by the last vhf multiple of the crystal frequency. Such a standard 
is useful but lacks the versatility of one that can be varied to cover the 
entire microwave region. 

Complete coverage is attained by multiplying a variable frequency 
rather than that of a crystal oscillator. The tuning range of this low- 
frequency source is chosen so that the ranges of microwave harmonics 
are overlapping. Multiples, submultiples, and known fractions of a 
crystal- controlled frequency are used to determine the variable frequency 
to a high degree of accuracy. The entire complex assembly necessary 
to produce a variable microwave frequency of predetermined accuracy 
has come to be known as a primary frequency standard. Figure 6T 
indicates the functions of the various components of such a standard. 

6«3. Design Considerations. — The variable frequency, which is 
multiplied to the microwave region, is obtained by mixing a multiple 
nfo of the crystal-oscillator frequency /o with the signal from a tunable 
oscillator of frequency /i. The accuracy to which this variable base 
frecpiency is known depends to a large degree on the contribution and 
accuracy of the tunable oscillator. In order that this contribution may 
be small, the range of the variable frequency should be restricted as much 
as possible. The amount of restriction is determined by the frequency- 
multiplication process. 

Vacuum tubes are employed to multiply the variable frequency 
nfo + fi so as to provide a vhf signal of frequency ni(n/o + /i). Crystal 
rectifiers multiply this frequency to the microwave region by harmonic 
generation, and the microwave frequency is nin 2 {nfo + /i). A microwave 
power of —70 dbw is available at the 40th harmonic (m 2 = 40) when 
75 ma of rectified current is produced. This power is 50 db above the 
noise level of a spectrum analyzer (panoramic receiver). The utilization 
of higher-order harmonics results in lower output power which is inade- 
(juate for making measurements involving high insertion losses. The 
lowest-order harmonic nomin that is utilized determines the variable- 
fro(iuency range that is required for continuous microwave coverage, 
that is, overlapping ranges for successive harmonics. In order for the 
lowest and next-to-lowest harmonics to produce overlapping coverage, 

^l(^2 mln)(a/o “1“ fl)mtkx ^ 7l\{lX2 nun 4” I)(^/'o 4“ f\)voiik* 

This equation reduces to 

(^/o 4~ f\)mw^ ^ ^2 min 4~ I 

(n/o 4- /i) min ^2 min 

For example, if harmonics down to the 10th are utilized, the variable 
frequency must cover a 10 per cent range. However, the 10th through 
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40th harmonics of a vhf signal variable over a small range will not cover 
the entire microwave region. In fact, it is necessary to use three output 
signals in the vhf region to obtain complete and continuous microwave 
coverage. 

Although the range of the variable frequency, and hence that of the 
tunable oscillator, is determined by the frequency-multiplication process, 
the actual frequency of the tunable oscillator is determined by other 
factors. Since the variable frequency is generated by a mixing process, 
undesirable frequency components tend to appear in the output signal. 
A balanced mixer may be used to eliminate the frequency component n/o. 
Frequency components n/o — /i, /i, 2/i, and 2n/o may be eliminated by 
using a double-tuned, low-Q mixer output circuit that has a pass band 
corresponding to the range covered by the variable frequency n/o + /i- 
Response should be down 40 db at the difference frequency n/o — /i. In 
order to satisfy all requirements it is advisable that 


Consequently, the accuracy of the variable frequency is determined 
one-sixth by the tunable oscillator and five-sixths by the crystal-controlled 
oscillator. 

The accuracy of the tunable oscillator^s contribution depends on 
both its stability and accuracy of calibration. By careful protection of 
the components from sudden temperature changes and by voltage regula- 
tion, stability can be made such that the error caused by drift is negligible 
during a measurement. Calibration accuracy is the main factor, and 
maximum accuracy may be realized by calibration at the time of applica- 
tion rather than by dependence on a calibration curve. 

Calibration is accomplished by measuring the frequency difference 
between knowm fractions of the crystal-oscillator frequency and the 
tunable-oscillator frequency. Multivibrators or regenerative modulators 
may be used to obtain submultiples /o/na, of the crystal-oscillator fre- 
quency. Harmonics of these submultiples lie in the range of the tunable 
oscillator. The difference frequency is /i -- 714/0/713, and is measured by 
comparison with the frequency of an audio oscillator. If, for example, 
the 714/0/718 components are harmonics of 2 kc/sec, then the audio oscil- 
lator must cover from 0 to 1 kc/sec, since the tunable-oscillator frequency 
can never be further than 1 kc/sec from a harmonic. 

The audio oscillator is preferably of the beat-frequency type, for 
stability and for operation at very low frequencies. This oscillator will 
have sufficient accuracy if it is provided with a calibration curve which 
has points measured every 50 cps by comparison with the 50-cps signal 
derived from the crystal-oscillator frequency. The clock at the end of the 
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divider chain in Fig. 6*1 is not to determine accuracy, but rather to 
indicate if the operation of the equipment has been interrupted by a 
power-line failure or if the dividers have erratic behavior. 



Fkj. 6*2. — Block diagram for tho Radiation Laboratory microwave frequency standard. 


6-4. Microwave Facilities at the National Bureau of Standards. — As a 

result of the close cooperation between the Radio Section, National 
Bureau of Standards, and the Radiation Laboratory, both organizations 
developed frequency standards according to the general design con- 
siderations given in Sec. 6-3. Naturally the Bureau of Standards 
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generates more accurately known frequencies since their equipment ia 
based on one of the seven lOO-kc/sec crystal oscillators that determine 
the national standard of frequency. In addition to generating a variable 
frequency and multiplying it to the microwave region, they also multiply 
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Fia. 6*3. — Key to Fig. 6*4. 

the crystal-oscillator frequency in order to provide a series of microwave 
frequencies that are known to a very high degree of accuracy. 

In order to utilize their precision frequencies, a shielded measure- 
ments room has been constructed in which both temperature and humid- 
ity are carefully controlled. The Radiation Laboratory has furnished 
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specialized equipment, such as a cavity Q-meter, and the Bureau itself 
has procured and improved all types of standard measuring equipment. 
Consequently, the Bureau is well equipped to provide a microwave 
calibration service, and to develop and improve the cavities that are used 
as secondary standards.* 



I'lo. 6-4. — Uadiation Laboratory microwave frequency standard. 

RADIATION LABORATORY MICROWAVE FREQUENCY STANDARD 

The general considerations for frequency standards are exemplified 
in detail by the Radiation Laboratory microwave frequency stand- 

^ In addition to those facilities, the Bureau is preparing to maintain microwave 
standards of power and attenuation. 
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ard.^ Figure 6*2 indicates the components that are included and their 
relationships. Figures 6*3 and 6*4 show the arrangement of the panels 
in two 6-ft racks, the racks being bolted together and mounted on small 
trucks. 

6*5. Crystal-controlled Oscillators. — Two crystal-controlled oscil- 
lators are shown although only one is actually used for frequency meas- 
urements. The extra oscillator is kept operating and provides a standby 
as well as a means of checking the first oscillator when poor radio recep- 
tion prevents the use of standard-frequency broadcasts. Both oscillators 
are of the bridge type wherein the crystal is operated at series resonance. 
The crystal itself is maintained at nearly constant temperature in a 
thermostated oven. Both the circuit and the oven are similar to those 
used by the General Radio Company and the early Loran systems, since 
components from both sources were utilized. Figure 0*5 indicates, in 
simplified form, the circuit that is used. A Class A, r-f amplifier is fol- 
lowed by a triode phase inverter which drives a nearly balanced bridge, 
one arm of which is a series-resonant 50-kc/sec quartz crystal. The 
unbalance voltage developed across the bridge is coupled b^^ck to the 
input circuit of the r-f amplifier. The amplifier utilizes a resonant cir- 
cuit for high gain and elimination of harmonics. One arm of the bridge 
is a tungsten-filament lamp whose resistance increases as more power is 
delivered to the bridge. This resistance change is such as to reduce the 
bridge unbalance, the feedback, and hence the power delivered to the 
bridge. Thereby, the lamp serves as a stabilizing element to maintain 
the oscillator output signal at con.stant amplitude. During oscillation, 
the net phase shift around circuit is zero, but variations in tubes or com- 
ponents may shift the phase slightly at one or more points in th(‘ circuit. 
In order to maintain oscillation, the frequency must change so that the 
crystal can introduce a compensating phase shift. However, since the 
crystal is equivalent to a very-high-Q series-resonant circuit, the fre- 
quency change need be but very slight. In fact, an ordinary series- 
resonant circuit is placed in series \Vith the crystal in the bridge circuit to 
provide slight frequency adju-stment. Variation of the capacitance from 
300 to 525 Mgf will change the resonant frequency only 12 parts in 10®. 

Actual circuit details for the crystal oscillator are shown in Fig. 6-G. 
The power supply is regulated by means of VR-tubes, although this pre- 
caution is not necessary for ordinary line-voltage fluctuations. The 
actual circuit also includes a voltmeter to monitor the oscillator, a 
cathode-follower output stage to isolate the oscillator from external loads, 
and components for the control of the crystal oven. 

‘ P. A, Hower, ‘^Iladiation Laboratory Frequonry Standard,” UL Report 55*5^ 
10 / 1 / 45 . 
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The original alignment of a new oscillator may be facilitated by the use 
of a signal generator and oscilloscope. The circuit is broken, for example, 
at the input circuit of the r-f amplifier, and a 50-kc/sec signal is injected. 
The resonant circuit of the amplifier is tuned until there is no phase dif- 
ference between the amplifier input signal and the bridge output signal. 
The circuit is reconnected for oscillation and the variable resistance in the 
bridge is adjusted until the output cathode follower delivers about 1 
volt rms. 



The 37()-ohm resistor, which constitutes one arm of the bridge, is 
approximately c(iual to the resistance of the lamp when 1 volt rms is 
impressed across the lamp terminals. 

The (piartz crystal is mounted in a supersonic chamber and this 
assembly is placed in a thermostated oven consisting of two aluminum 
castings separated by asbestos insulation. Heater elements are placed 
around the outer casting and are separated from it by a narrow air space. 
The whole assembly is inclosed in a balsa-wood box. A mercury thermo- 
stat that operates on a temperature ditTerential of ±0.1°C is fastened in 
good thermal contact to the outer aluminum casting. This thermostat 
operates a sensitive relay which controls power to the heater elements 
through a power relay, ddie (uitire oven has sufficient thermal mass and 
insulation so that the temperature of the crystal is held to 00 ±0.05°C. 
This temperature control combined with the bridge-type oscillator results 
in a stability of better than ±5 parts in 10^ liy checking against 
standard-freipiency broadcasts, it is not difficult to adjust the oscillator 
so that the mean frecpiency is 50 kc/sec ±2 parts in 10^. Therefore, 
over long periods of time, the over-all accuracy can be relied upon to be 
better than ±7 parts in 10^ If greater accuracy is desired, adjustment 
relative to standard-frequency broadcasts can be made at the time of use. 
The long-period accuracy is usually sufficient, however, and is highly 


5 k 0.01 



Fig. 6 - 6 . — Crystal oscillator. 
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desirable in localities where standard-frequency broadcasts are often 
obscured by radio interference. 

6*6. Reception of Standard-frequency Broadcasts. — Figure 6*2 does 
not indicate any means for checking the accuracy of the crystal oscillator. 
Any good communications receiver will have sufficient sensitivity to 
produce a reasonable indication of the carrier-level meter when tuned to 
the 2.5-, 5-, 10-, or 15-Mc/sec broadcast by WWV. Two of these trans- 
missions are always on the air, modulated with 4000 cps, 400 cps, and 
pulses that mark the seconds, all derived from the national standard of 
frequency. Time signals mark the beginning of each 5-min period by 
complete removal of the modulation. In the Radiation Laboratory 





I’ lG. (>-7. receiver. 


standard, the crystal freciuency of 50 kc/sec is multiplied to 5 Mc/sec, not 
only to provide a base to which the tunable-oscillator freciuency is added 
to form the variable frecjuency but also to provide a signal for comparison 
with the 5-Mc/sec standard transmission. However, even when the 
crystal frecpiency has its maximum deviation from 50 kc/sec, the beat 
frequency in the receiver is but a few cycles. Fre(|uency multiplication 
of the two 5-Mc/sec signals would increase the difference, but the r-f 
amplification preceding multiplication would be prohibitive. However, 
an effective multiplication without regeneration difficulties is possible 
wdth a receiver such as that indicated in Fig. 6*7. A heterodyne detector 
is used to reduce the carrier frequencies without reducing their difference 
frequency in order to divide the amplification preceding multiplication 
between stages at different frequencies, A choice of 1 Mc/sec for fz 
will keep all other frequencies below 5 Mc/sec, while the original differ- 
ence frequency is multiplied by a factor of nine. 
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6*7. Frequency Dividers and Clocks. — The output signal from the 
crystal oscillator is coupled to a '‘harmonic amplifier that generates 
50-kc/sec square waves by amplification and clipping. Before clipping, 
an output jack is provided for the amplified 50-kc/sec signal that is used 
to drive the first fixed-frequency multiplier. Two output jacks are pro- 
vided to couple square waves to 
the comparison oscilloscope and to 
the first frequency divider. Fre- 
quency division from 50 kc/sec to 
50 cps is accomplished in four 
steps by means of synchronized 
multivibrators. Figure 6-8 with 
Table 6*1 shows the circuit de- 
tails of the frequency divider, and 
Fig. 0*9 shows the circuit for the 
power amplifier that drives the 50- 
cps clock at the end of the divider 
chain. For each multivibrator 
the natural frequency and the 
amount of synchronizing signal 
are both adjustable. Cathode followers arc used to couple successive 
dividers and to provide signals for the comparison oscilloscope. Both 
grids of the multivibrator tubes are synchronized in phase to favor division 
by an even integer; grids are synchronized 180° out of phase to favor odd 
division. An unregulated power supply delivering 250 volts will suffice to 
operate the dividers since synchronization is unaffected by ordinary line- 
voltage fluctuations. At the end of the divider chain, a OVG beam 
tetrode ^v’ith a reactive load provides a distorted sine wave with sufficient 
power to drive a 50-cps synchronous-motor clock. 


Table 61. — CiRruiT (’onstants for Fk;. 6-8 
The values of R are in thous*ancls of ohms; t’ is in mierofarad.s 



< — 

.50 to 5 
kc/.s€*c 

5 to 2. .5 
kc/.sec 

2.500 to 

2.50 cps 

Ri 

10 

18 

75 

Ri 

.50 

20 

20 

Rt 

13 

30 

91 

Ra 

16 

15 

12 

R, 

25 

27 

30 

C 

0.00.36 

0.0043 

0.022 


The 50-cps clock is mounted on a panel beside a fiO-cps clock which is 
operated from the regular power line, A push-button switch on the 



Fio. G-8. — Frc<iiioncy diviilor, *50 kc/see to 
5 kc/scc to 2.5 kc/.sec to 250 vpa. 
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panel removes the 50-cps driving voltage, thereby retarding the clock. 
Another push button replaces 50-cps power with 60-cps power, thereby 
advancing the clock. By means of these two push buttons, the SO-cps 
clock may be set to close agreement with standard time signals. A 
(luick comparison of the two clocks indicates whether or not the fre- 
quency dividers are operating properly. Both the GO-cps clock and a 



synch 

control 


Ik;. (»•<). -I'loqiuMicy divider, 250 eps to 50 eps. 


green pilot lamp are connected to the power line through the contacts of 
an a-c relay wliicli is held closed by the presence of line voltage. If line 
voltage is interrupted, the clock stops and the green lamp is extinguished. 
When line voltage is restored, the clock and green lamp will operate only 
after a reset button is pressed to energize the relay. Until the reset but- 
ton is pressed, the restoreil line voltage operates a red pilot lamp, thus 
indicating that tlie power has been interrupted. The 60-cps clock indi- 
cates the time of power failure and thereby is useful in estimating the 
state of stability of the crystal oscillators. The time lost by the 50-cps 
clock indicates the duration of the power failure. 

The National Bureau of Standards avoids the synchronization prob- 
lems of multivibrators by using regenerative modulators as frequency 
dividers. Four copper-oxide rectifiers are arranged to form a balanced 
modulator. As is characteristic of such a device, one of the two input 
fre(iuencies is suppressed in the output signal. In this case, that input 
frequency closest to the desired output fretiuency is suppressed. Several 
of these modulators may be coupled to an amplifier as is shown schemati- 
cally in Fig. GTO. The output signal of each modulator is amplified and 
provides an input signal for another modulator. Into one modulator is 
fed the signal to be divided, thus providing a master control signal for the 
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entire system. If this signal is removed, the device stops. In fact, a 
push-button switch in the power supply is often necessary to shock the 
device into operation when the control frequency is present. In the 



I'lo. ft- 10. — Regenerative-modulator fro(|uency divider. 



Fia. C-ll. — Tunable oscillator, simplified schematic. 


case of the multivibrator divider, the system will continue to operate, but 
at its natural frequency, when the synchronization is removed. The 
regenerative modulator shown in Fig. 6T0 is representative of but one of 
many possible combinations. Those used by the Bureau of Standards 
operate over a two-to-one variation in amplifier supply voltage with but 
a slight phase shift of the output frequency. Although this system of 
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frequency division seems preferable to the multivibrator type, it is more 
difficult to construct because of the tuned circuits involved. 

6*8. Tunable Oscillator. — As indicated in Fig. 6*2, the tunable oscil- 
lator furnishes a frequency that is variable from 1.0 to 1.4 Mc/sec. This 
frequency is mixed with the 5-Mc/sec multiple of the crystal-oscillator 
frequency to provide a frequency that is variable from 6.0 to 6.4 Mc/sec. 
It is this resultant frequency that is multiplied to the microwave region, 
and therefore it must have great stability. Accordingly, the prime design 
consideration for the tunable oscillator is stability. Figure 6*11 illus- 
trates the general type of oscillator that is used. A parallel-resonant 
circuit works into a cathode follower to minimize loading and to prevent 
variations in tube characteristics from affecting the resonant frequency 
of the tuned circuit. The cathode-follower output signal is amplified 
by two video stages whose gain is stabilized by AGC. A portion of the 
amplifier output signal is coupled back to the resonant circuit in order to 
sustain oscillation. 

Actual circuit details for the tunable oscillator are shown in Fig. 6*12. 
The resonant circuit is more complex than that shown in Fig. 6- 11 in 
order to provide vernier tuning and somewhat uniform impedance over 
the tuning range. Four coils are employed which consist of solid copper 
wire wound on 1^-in. diameter polystyrene forms. These coils are 
switched to provide four bands, each of which covers a range of 100 
kc/sec. Ten different values of fixed capacitance can be switched so as 
to be in parallel with the particular coil that has been selected. This 
10-position switch serves to subdivide the 100-kc/sec bands into parts 
that are approximately 10 kc/sec each. Finally, a precision variable 
condenser is used to tune the o.scillator over the particular 10-kc/sec 
subdivision that has been selected. For this purpose, the effective 
capacitance of a General Radio precision condenser is reduced by series 
padding so that the tuning rate corresponds to 10 cps per dial division. 
All coils and fixed condensers are mounted in a thermally insulated box. 
A thermostated oven is not employed since gradual drift is more tolerable 
then small, but rapid, oscillating changes in frequency. 

The resonant circuit is direct-coupled to the grid of the 955 cathode 
follower. The dynamic input capacitance is degenerated so that the 
static capacitance of 1 M^f is essentially all that the tube contributes to 
the resonant circuit. The output impedance of this cathode follower is 
sufficiently low so that input impedance of the first video amplifier is 
unimportant. The video amplifiers are shunt-compensated, however, 
and hence variations in input impedance of the second video amplifier 
will cause phase-shift variations. Input impedance variations will occur 
because of power-supply variations, AGC-bias variations, drafts, and 
tube aging. Consequently, the power supply is well regulated, and the 
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Fig. 6*12. — Tunable oscillator. 
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filaments of the tubes are operated from a Sola regulating transformer. 
The tubes are covered with shield cans to minimize the effects of sudden 
drafts of air. 

The output signal of the second video amplifier is coupled to a cathode 
follower whose high input impedance minimizes the dynamic effects that 
might cause phase variations at this point. This cathode follower thus 
isolates the amplifier from the AGC diode and the output cathode fol- 
lowers. The feedback to the tuned circuit is tapped off the load resistor 
of the cathode follower at a low-impedance point. An isolating resistor 
whose resistance is large compared to the impedance of the resonant cir- 
cuit is inserted in the feedback path. The amount of feedback is adjusted 
by short-circuiting a portion of the IK potentiometer. In this way the 
capacitance from the moving contact to ground is eliminated. To 
minimize phase shift in the feedback lead, the 330K isolating resistor is 
soldered to the potentiometer. The lead wire to the resonant circuit has 
capacitance to ground, but this capacitance does not vary and constitutes 
part of the resonant circuit. 

The video amplifiers are designed so that they provide excessive gain 
when no AGC is applied. The feedback is adjusted to provide about 
— 5 volts of AGC bias, and hence about 5 volts peak of output signal. 

This oscillator provides an output signal that is stable to ±1 cps 
over long periods of time. Consequently, the accuracy of its contribu- 
tion to the resultant microwave frequency depends to a large extent on 
the accuracy to which its relatively low frequency can be determined. 

6«9. Audio Interpolation Oscillator. — The frequency of the tunable 
oscillator is determined by measuring the frequency difference between 
it and a harmonic of the 2.5-kc/scc submultiple of the crystal-oscillator 
frequency. Accordingly, the interpolation oscillator must cover a range 
from 0 to 1250 cps. In order to facilitate the generation of low-frequency 
signals and to provide good stability, the oscillator is of the beat-fre- 
quency type. 

Figure 6T3 indicates the circuit details. The two oscillators operate 
at about 30 kc/sec. Each oscillator is similar to the tunable oscillator 
described in Sec. 0*8 and the same design considerations apply. The 
same type of regulated power supply is used and a Sola filament trans- 
former is employed to regulate heater voltage. A General Radio preci- 
sion condenser is used in the resonant circuit of the variable oscillator so 
that the tuning rate is 1 cps per dial division. 

In order to minimize interaction both oscillators are coupled to a 
6SA7 mixer through cathode followers. Interaction between the two 
oscillators results in their locking to the same frequency as the beat 
frequency approaches zero. Therefore, in order to generate as low an 
audio frequency as possible, all components are carefully shielded. In 
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Fia. 6*13. — Audio interpolation oticillator. 
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fact, the bottom of the chassis is broken up into shielded compartments 
which separate the components common to each oscillator. Also the 
input level of each signal applied to the 6SA7 mixer is kept below 2 rms 
volts to reduce coupling through the mixer. 

The output signal of the mixer is coupled to a cathode-follower output 
stage through a low-pass filter whose high-frequency cutoff occurs at 
1500 cps. For low audio frequencies, the mixer is essentially direct- 
coupled to the cathode follower. Another triode is used in conjunction 
with the output stage to form a circuit that will indicate zero beat. A 
meter is connected between the two cathodes, and the grid bias of the 


+45° phase shift 



square wave 
for intensity 
modulation 


Fig. 0 * 14 .— 'C'oiniiiu iaon-ObcilloM'opc eoinponeiit» for ciiecking frequency dividers. 

auxiliary triode is adjusted so that the meter deflects, cither side cf 
midscale. 

The oscillator is calibrated every 50 cps by means of Lissajous pat- 
terns formed with the 50-cps submultiple of the crystal-oscillator fre- 
quency. The precision tuning condenser is sufficiently uniform so that 
the audio-frequency calibration is known to ±2 cps. The stability of 
the oscillator is ±0.1 cps over long periods of time. In fact, it will be 
within ± 1 cps of zero beat when first turned on after long inoperative 
periods. 

6*10, Comparison Oscilloscope. — This unit facilitates checking the 
frequency dividers and calibrating the audio interpolation oscillator and 
the tunable oscillator. Its functions could be performed by means of a 
commercial oscilloscope and communications receiver, but the procedure 
would be much more difficult and time consuming. 

Figure 6* 14 is a simplified schematic of the components that are used to 
check correct frequency division. The output square wave of a divider 
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is coupled to the horizontal and vertical amplifiers of the cathode-ray tube 
through an /ZC-filter. Consequently, the effective input signal to the 
amplifiers is essentially the fundamental frequency of the square wave. 
The amplifiers work into highly reactive loads that are adjusted so that 
there is a 90® phase shift between the two sine-wave signals that are 
applied to the deflection plates, thus producing a circular pattern. 
Simultaneously, the output square wave of the preceding frequency 
divider is used to intensity-modulate the cathode-ray tube so that the 
circular pattern is divided into segments whose number is equal to the 
ratio of the two frequencies. This indication may be interpreted more 
quickly and easily than the conventional Lissajous figure. 



Fig. 6* 15. — Comparison-oscilloscope components for tunable-osrillator calibration. 


Even a complex Lissajous figure may, however, be used easily to check 
the calibration of the audio interpolation oscillator. An output square 
wave from a frequency divider is filtered and amplified so that, for 
example, a 50-cps signal provides* horizontal deflection for the cathode- 
ray tube. The audio-oscillator signal provides vertical deflection and a 
Lissajous figure is established. Since the oscillator calibration is accurate 
to ±2 cps, the frequency ratio indicated by the Lissajous figure need not 
be calculated in order to determine the frequency of the check point. 
That is, if the audio oscillator is tuned until the pattern is stationary, 
the error in dial calibration is but one or two divisions. 

The third and most important feature of the comparison oscilloscope 
is the circuit that facilitates determination of the tunable-oscillator fre- 
quency. Figure 6' 15 indicates the functions of the various circuit com- 
ponents. A 2.6-kc/sec square wave from the frequency dividers is 
coupled to a harmonic amplifier whose pass band is 250 to 750 kc/sec. 
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Harmonics within this band are coupled to a heterodyne mixer whose 
local-oscillator signal is supplied by the tunable oscillator. The mixer 
output signal is coupled to an i-f amplifier which passes frequencies in the 
range of 750 ±5 kc/sec. Consequently, several frequencies are present 
in the i-f channel. Some of these frequencies are square-wave harmonics 
that lie within the i-f pass band and are coupled directly through the 
mixer to the i-f channel without frequency conversion. Another i-f 
signal results from heterodyning a square-wave harmonic with the 
tunable-oscillator frequency. Accordingly, several beat frequencies 
appear in the detector output signal and hence in the output signal of the 
audio amplifier. Signals appear at 2.5 and 5 kc/sec and represent differ- 
ence frequencies between harmonics of the 2.5-kc/sec square wave. 
These signals are removed by audio filters tuned to 2.5 and 5 kc/sec. 
Another audio signal appears which is the frequency difference between 
a square-wave harmonic and the i-f signal produced by heterodyning some 
other square-wave harmonic with the tunable-oscillator frequency. 
This audio frequency lies between 0 and 1250 cps and is equal to the fre- 
quency difference between the tunable-oscillator frequency and the 
multiple of 2.5 kc/sec that is nearest to it. Since the tunable oscillator 
is very stable and since provision is also made to check it against multi- 
ples of 5 and 50 kc/sec, the frequency of the nearest multiple of 2.5 
kc/sec is readily determined. 

The actual frequency of the tunable oscillator is the frequency of the 
nearest multiple of 2.5 kc/sec plus or minus the audio beat frequency 
that falls in the range of 0 to 1250 cps. The beat frequency is measured 
with the audio interpolation oscillator by forming a simple Lissajous 
figure. In the case of beat frecpiencies less than 2 cps, a voltmeter 
attached to the audio amplifier is used to determine the beat note. The 
meter will indicate zero beat at intervals corresponding to one-half the 
fundamental frequency of the input square wave. When harmonics of 
the 2.5-kc/sec square wave are used, the frequency of the tunable 
oscillator may be determined to the accuracy of the crystal oscillator 
at intervals of 1250 ops. The circuit details are shown in Fig. 616. 

In the method described above, the 100th through the 300th har- 
monics of the 2.5-kc/sec square wave are used. If the tunable-oscillator 
frequency were compared with square-wave harmonics in an ordinary 
receiver, the 560th harmonic of 2.5 kc/sec would have to be utilized. 
Therefore, it is apparent that the heterodyne method reduces the require- 
ments on the square-wave harmonic content and on the frequency 
response of the associated circuits. 

The operation of the equipment could be improved by restricting the 
pass band of the beat-frequency amplifier that follows the special receiver. 
The i-f amplifier has a pass band of about 10 kc/sec, and consequently it 
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provides nearly equal amplification for the 298th through the 302nd 
harmonic of 2.5 kc/sec. Similarly, the i-f amplifier will pass five other 
signals which are produced by heterodyning the tunable-oscillator fre- 
quency with lower square-wave harmonics. All of these signals are 
mixed in the second detector and all possible difference frequencies result. 
For example, if the tunable-oscillator frequency is 1.0 kc/sec above the 
nearest multiple of 2.5 kc/sec, audio frequencies of 1.0, 1.5, 2.5, 3.5, 4.0, 
5.0, 6.0, 6.5, 7.0, 8.5, 9.0, . . . kc/sec will appear in the detector output 
signal. If the audio amplifier were cut off sharply at 1300 cps, a much 
clearer signal would appear on the cathode-ray tube for comparison with 
the audio interpolation oscillator. 

6-11. Variable-frequency Generation. — The variable frequency that 
is multiplied to the microwave region is generated in the balanced mixer 
of Fig. 6T7. The output signal from the tunable oscillator is mixed with 
the 5-Mc/sec multiple of the crystal oscillator to produce a signal that is 
variable from 6.0 to 6.4 Mc/sec. 

The 5-Mc/sec signal is obtained from the frequency multiplier 
described in Sec. 6T2. The multiplier output signal contains frequencies 
other than 5 Mc/sec, so a selective amplifier precedes the mixer and pro- 
vides a pure 5-Mc/sec signal of about 40 volts rms. This signal is 
coupled to the mixer by means of a cathode follower. The cathode 
follower is also coupled to an output jack, thus providing a 5-Mc/sec 
signal for comparison with the standard-frequency broadcast from 
Station WWV. The resistor in series with the output lead prevents an 
external short circuit from affecting the mixer. 

The mixer consists of two 6SA7 tubes whose plates are coupled in 
push-pull to a bandpass output circuit. A pass band from 6.0 to 6.4 
Mc/sec is obtained by resistive loading and tight coupling to the output 
line which, in turn, is tightly coupled to the next tuned circuit. The 
5-Mc/sec input signal does not tend to appear in the push-pull output 
circuit since this signal is applied to grids that are driven in phase. The 
tunable-oscillator signal is applied to mixer grids that are driven in push- 
pull by a triode phase inverter, but this frequency does not appear in the 
output signal because of the plate-circuit selectivity. In fact, since 
the 5-Mc/sec signal is eliminated by balancing the mixer, the plate- 
circuit selectivity is completely adequate to remove all other undesirable 
frequencies from the output signal. 

6- 12. Basic Types of Vacuum-tube Frequency Multipliers. — Vacuum- 
tube multipliers are essentially Class C r-f amplifiers in which the plate 
circuit is resonant at some multiple of the input frequency. Class C 
operation is preferred because of the high harmonic content of the result- 
ant plate-current pulse. Multiplication can be performed by factors 
up to 6 before the harmonic content of the output signal is so low that the 
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Fig. 6*17. — Variable-frequency generation 
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plate circuit can no longer discriminate successfully against the funda- 
mental frequency and other harmonics. The elimination of these 
undesirable frequencies is very important since they produce cross- 
modulation in the next multiplier, and spurious microwave signals result. 
For example, if the first multiplier is a quadrupler whose input frequency 
is 5 Mc/sec, inadequate plate-circuit selectivity will result in output 
frequencies at 15 and 25 Mc/sec as well as at 20 Mc/sec. Since the next 
multiplier — in this case a quintupler — is also a nonlinear device, it will 
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detect difference frecpiencies of 5 and 10 Mc/sec. These difference 
frequencies will modulate the output signal to produce a spectrum that 
contains frequencic's of 90, 95, 100, 105, and 110 Mc/sec. This process is 
repeated in successive multipliers until the microwave output signal is 
not a single frequency but a series of indistinguishable frequencies that 
occur at 5-Mc/sec intervals. It is apparent from this example that 
selectivity is most important in the early stages of multiplication. For- 
tunately, the early multipliers operate in a frequency range where loosely 
coupled circuits and selective amplifiers may be used easily to improve 
discrimination. 

The simplest multiplier is the single-tube circuit of Fig. 6T8. Suffi- 
cient fixed bias is provided so that the tube does not exceed its rated 
dissipation when the excitation is removed. When excitation is supplied, 
the resistance of the grid leak is adjusted so that the self-bias provides 
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optimum harmonic generation at the output frequency. Since all 
harmonics of the input frequency tend to appear in the output signal, a 
high-Q plate circuit is a prerequisite for successful operation. 

Increased discrimination and output power are realized by the push- 
pull and push-push circuits of Fig. 6- 18. In the case of the push-pull 
multiplier, all even harmonics of the input frequency are canceled in the 
output circuit; hence, a multiplier of this type is well suited for triplers and 
quintuplers. Also the push-pull circuit performs well at high frequencies 
since the effective output capacitance is one-half that of a single tube. 

The push-push multiplier is so named because like current pulses 
flow through the plate circuit corresponding to each half cycle of the 
input frequency. - Push-push operation is used for doublers and quad- 
ruplers since only even harmonics tend to appear in the output signal. 
The circuit is seldom used for vhf multipliers since the effective output 
capacitance is twice that for a single tube. Only a very small inductance 
is needed to resonate with this large output capacitance above 100 
Mc/sec, and the resultant Q and selectivity are rather poor. 

6 - 13 . Frequency Multipliers from 60 kc/sec to 6 Mc/sec, — The 
crystal-oscillator frequency is multiplied to 5 Mc/sec by means of a 
push-push quadrupler followed by two push-pull quintuplers. The cir- 
cuit details are shown in Fig. 6- 19. The push-pull drive for the quad- 
rupler is obtained from a triode phase inverter. A resistor is placed in 
series with the lead from the phase-inverter cathode in order to equalize 
the driving impedances for the two halves of the quadrupler. The 
plate circuit is resonant at 200 kc/sec and is link-coupled to the next 
multiplier, a quintupler. 

The two quintuplers are alike except for their tuned circuits. All 
coils are made by winding a single layer of heavy copper wire on a poly- 
styrene rod. All tuned circuits are shielded to minimize spurious coup- 
ling of undesirable frequency components. The 6AG7 tubes provide 
sufficient amplification so that the interstage coupling is relatively small, 
the tuned circuits are relatively independent, and the selectivity is rea- 
sonably good. 

6 * 14 . Frequency Multipliers from 6 to 24 Mc/sec. — The two push- 
push doublers of Fig. 6-20 are used to raise the variable frequency from 
the region 6.0 to 6.4 Mc/sec to the region of 24.0 to 25.G Mc/sec. The 
output signal of the mixer, which generates the variable frequency, is 
coupled to an r-f amplifier that provides sufficient driving signal for the 
first doubler. Again 6AG7 tubes are employed and the stages are link- 
coupled. Except for the r-f amplifier input circuit, all resonant circuits 
are provided with front-panel tuning controls whose calibrations are 
sufficiently accurate to eliminate the necessity of tuning indicators. 

The r-f amplifier provides an output signal in the range from 6.0 to 
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Fig. 6-19. — Frequency multipliers from 50 kc/sec to 5 M c/sec. 
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Fig. 6*20. — Frequency multipliers from 6 to 24 Mc/sec. 
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6.4 Mc/sec; the first doubler provides a signal in the range from 12.0 to 
12.8 Mc/sec; the second doubler provides an output signal in the range 
from 24.0 to 25.6 Mc/sec. 

6* 16. Frequency Multipliers from 24 to 96 Mc/sec. — Two push-push 
doublers are employed to multiply 24 Mc/sec by a factor of four. In this 
frequency range, 832 twin-tetrodes are used because their input and 
output capacitances are approximately one-half those of the 6AG7 
pentode. Also, the 832 tube has an internal bypass condenser for the 
screen grids. The use of an external condenser often causes instability. 

Circuit details are shown in Fig. 6*21. All resonant circuits are 
tunable from the front panel, and small pilot lamps are coupled to the 
circuits for visual tuning indication. Tuning indication of this type is 
much easier to use than a d-c ammeter, especially in plate circuits. 


832 832 



Fig. 6*21. — Frequency multipliers from 24 to 96 Mc/sec. 

The first doubler provides an output signal in the range 48.0 to 51.2 
Mc/sec; the second doubler provides an output signal in the range from 
96.0 to 102.4 Mc/sec. 

6*16. Frequency Multiplier from 96 to 288 Mc/sec. — In this frequency 
range the push-pull tripler of Fig. 6.22 is used in order to obtain the low 
output capacitance offered by push-pull operation. The input circuit 
employs a self-supported three-turn coil as inductance for the resonant 
circuit. The plate circuit employs a short-circuited transmission line 
which appears inductive and resonates with the combined capitance 
of the tubes and a split-stator timing condenser. This condenser is 
mounted as close as possible to the plate leads emerging from the 832 
envelope. The resonant lines are made from i-in. silver-plated rods 
which are spaced about 2 in. apart. The length of the resonant section 
is about 4 in. 

Both the grid and plate circuits are tunable from the front panel, and 
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two pilot lamps are coupled to the resonant circuits for tuning indication. 
The grid circuit is below the chassis; the plate circuit, above the chassis. 
Both circuits are completely shielded to minimize radiation and pickup. 
The output signal is in the range from 288.0 to 307.2 Mc/sec. 


288-307 




6*17. Frequency Multiplier from 288 to 864 Mc/sec. — A single-tube 
tripler is used in this region and employs a 2043 lighthouse triode with 
coaxial grid and plate cavities. The details are shown in Fig. 6-23. 

The grid circuit is formed by a section of 5i-in. diameter tubing con- 
nected to the tube shell, and by a section of 2-in. diameter tubing con- 
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nected to the grid. Thus, the grid circuit is equivalent to a short-circuited 
coaxial line whose outer conductor is connected to the triode cathode and 
whose inner conductor is connected to the triode grid. Both conductors 
of the coaxial line have contact fingers to provide good connections with 
the tube that is inserted through the outer conductor. Grid excitation 
is supplied through a large coupling loop near the short-circuited end of 
the cavity. Tuning is accomplished by moving a curved plate toward, or 
away from, the inner conductor of the line. A front-panel control rotates 
a cam which, in turn, moves the rod supporting the tuning plate. Bias 
is applied to the cathode since the grid is at ground potential. It is 
insulated from, and bypassed internally to, the shell of the tube. 

The plate circuit is formed by a section of 2-in.-diameter tubing con- 
nected to the triode grid and by a section of ^-in.-diameter rod connected 
to the triode plate. The plate circuit is equivalent to a short-circuited 
coaxial line whose outer conductor is connected to the triode grid and 
whose inner conductor is connected to the triode plate. At the output 
frequency the grid circuit offers little impedance and the grid is essentially 
at a-c cathode potential. Thus, the plate cavity is nearly equivalent to 
a resonant circuit connected between plate and cathode. This circuit is 
tuned by varying the length of the short-circuited coaxial line. Actually 
the outer conductor is formed by two cylinders of nearly the same diame- 
ter, one sliding within the other. A good electrical connection between 
the two cylinders is ensured by means of contact fingers. Voltage is 
supplied to the triode plate through the inner conductor of the coaxial 
line. This conductor is insulated from, but bypassed to, the outer con- 
ductor at the plate that short-circuits the r-f line. Since the inner con- 
ductor is fastened rigidly to the outer conductor, beryllium-copper fingers 
are provided so that the inner conductor can slide with respect to the 
triode plate cap when the cavity is tuned. Only \ in. of axial movement 
is required to cover the range from 864.0 to 921.6 Mc/sec. Consequently, 
a micrometer drive is used to control this movement. 

The output signal is coupled inductively from the plate cavity by a 
loop and is applied to a crystal-rectifier harmonic generator through a 
filter which makes it possible to monitor the rectified current. 

6* 18. Harmonic Generation by Crystal Rectifiers and Velocity- 
modulated Frequency Multipliers. — The last step in frequency multiplica- 
tion to the microwave region is accomplished by harmonic generation in 
a silicon crystal. Crystal rectifiers of types 1N21, 1N23, and 1N26 are 
employed and mounted in holders similar to those used for microwave 
mixers. The vhf signal is applied to the crystal through the i-f output 
jack of the mount, and microwave harmonics of this signal are propagated 
down the microwave transmission line. If this is a coaxial line, stub 
supports serve as filters to remove the input frequency and its first few 
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harmonics. If the transmission line is waveguide, its own transmission 
characteristics provide adequate filtering. In practice, the 10th through 
the 50th harmonics Of the vhf input signal have been used. The Radia- 
tion Laboratory standard utilizes the 15th through the 43rd harmonics 
of the output signals from the various vacuum-tube frequency multipliers. 
Experience has shown that in this range the harmonic amplitude is 
inversely proportional to the harmonic number. Microwave output 
powers of — 50 to —70 dbw are obtained if the vhf input power is sufficient 
to produce 50 to 80 ma of rectified current. 

Since the output signal from a crystal rectifier contains a series of 
microwave frequencies, a transmission frequency meter or cavity may 
be inserted in the output line to discriminate against unwanted harmonics. 
A low Q and an approximate frequency calibration can be tolerated as 
long as low insertion loss and a wide tuning range are realized. 

Klystron triplers may also be used for frequency multiplication.^ 
These tubes are similar to double-cavity klystrons except that the catcher 
cavity is resonant at the third harmonic of the buncher cavity. If a 
submultiple of the input frequency is applied to the accelerating grid, 
the tube is phase-modulated. Consequently, a series of microwave fre- 
quencies appear in the output signal, their number and amplitude being 
dependent on the Q of the output cavity and the index of modulation. 
Although a frequency multiplier of this type provides a larger power than 
does the crystal rectifier, the alignment of the cavities is critical, and the 
multiplier is difficult to use. 


Table 6-2. — Frequency Range Covered by Harmonic (Jeneration 


Input frequency, 

Me /sec 

Output frequency, 
Mc/sec 

Harmonic 

Min 

Max 

Min 

Max 

Min 

Max 

6.0 

6.4 

90.<) 

185.6 

15 

29 

12.0 

12.8 

180.0 

371.2 

15 

29 

24.0 

25.6 

360.0 

742.4 

15 

29 

48.0 

51.2 

720.0 

1484.8 

15 

29 

96.0 

102.4 

1440 

4403 

15 

43 

288.0 

307.2 

4320 

13209 

15 

43 

864.0 

921.6 

12960 

32256 

15 

35 


^ E. Ginzton, A. Harrison, R. Hatch, Frequency Standard in the Microwave 
Region,^* Report 105-5220, Measurements Development Laboratory, Research 
Laboratories, Sperry Gyroscope Company, Inc., Feb. 20, 1943; K Feenberg, “Bunch- 
ing Theory for Two Resonator Klystron Multipliers," Report 6221.117, Tube Develop- 
ment Laboratory, Research Laboratories, Sperry Gyroscope Company, Inc., May 23, 
1944. 
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6-19. Frequency Range and Accuracy. — By utilizing harmonics of all 
frequencies in the multiplier chain, the Radiation Laboratory standard 
provides complete coverage from 90 to 32,000 Mc/sec. Table 6*2 indi- 
cates how this coverage is attained. 

Since microwave signals are generated by frequency multiplication 
of a signal that is variable from 6.0 to 6.4 Mc/sec, the useful accuracy of 
the standard depends on the stability and accuracy of measurement of 
this variable frequency. Table 6-3 indicates the maximum uncertainty, 
in cycles per second, in the variable frequency, that are contributed by 
the various components. According to the table, the standard-frequency 
signals are accurate to at least ±1.1 parts in 10®. That is, a 3000-Mc/sec 
signal is known to ±0.003 Mc/sec; a 9000-Mc/sec signal, to ±0.01 
Mc/sec; and a 27,000-Mc/sec signal, to ±0.03 Mc/sec. The probable 
errors are, of course, much less than these maximum uncertainties. 

Table 6*3. — Uncertainty of 6-Mc/sec Variable Frequency 


Contributing factors Uncertainty, cps 

Stability of crystal oscillator ±2.5 

Mean frequency of crystal oscillator ±1 

Stability of tunable oscillator ±1 

Stability of audio interpolation oscillator ±0.1 

Frequency of audio interpolation oscillator ±2 

Maximum uncertainty ±6.6 

Probable uncertainty ±3.5 


RESONANT CAVITIES AS SECONDARY FREQUENCY STANDARDS 

Resonant cavities are ideally suited for secondary frequency standards 
since they are simple, compact, portable, and relatively inexpensive. 
During the war they were used almost exclusively for the production-line 
calibration of frequency meters, beacon-frequency reference cavities, and 
AFC cavities. Because of their compactness and portability, they were 
used to check the alignment of equipment in the field. Despite this 
usefulness, however, many existing cavity designs will prove inadequate 
as peacetime laboratory standards because they are subject to tempera- 
ture and humidity effects. At the close of the war the ideal cavity had 
not been realized, but new developments indicate that much improved 
models are feasible. 

6*20. General Design Considerations. — In order to be considered a 
standard of frequency, the resonant frequency of a cavity must remain 
unchanged despite the physical and electrical conditions imposed upon 
it. Temperature compensation or thermostated ovens must be employed 
to avoid frequency changes resulting from expansion or contraction. A 
small change in cavity dimensions produces a large change in resonant 
frequency. Consequently, temperature compensation is successful only 
when close tolerances and uniformity of materials are maintained. It is 
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difficult enough to obtain uniform raw materials, but it has been even 
more difficult to reproduce, cavity to cavity, the effects of machining, 
soldering and aging. Manufacturing processes not only change the 
characteristics of the basic materials, but also introduce unknown small 
quantities of other materials and strains which are not relieved even after 
several temperature cycles. A thermostated cavity avoids the difficulties 
of temperature compensation but results in a bulky device that is not 
readily moved from place to place. 

In addition to temperature effects, humidity effects must be elimin- 
ated since the water-vapor content of the air within the cavity affects 
the dielectric constant and thereby affects the resonant frequency. 
Sealing and subsequent evacuation is the best, but the most difficult, 
solution to the humidity problem. Cavities usually include a tuning 
mechanism as well as one or more couplings. All these openings must be 
sealed, but it is highly desirable that the cavity remain tunable after 
sealing. Sealing techniques must not affect temperature compensation 
or introduce strains, and no hygroscopic material m^y be used within 
the cavity. All seams and joints must be vacuum tight if absolute free- 
dom from humidity effects is expected. 

In order to be most useful and to minimize production costs, a stand- 
ard-cavity design should provide tuning over a wide frequency range with 
fairly uniform electrical characteristics. Loaded Q and transmission loss 
(or input conductance) must always provide a sharp resonance indication 
at the frequency of the signal transmitted through (or past) the cavity. 
This effect is achieved by properly placing the coupling loops or holes so 
that, as the cavity is tuned across the band, coupling changes compensate 
changes in unloaded Q. A sharp resonance indication reejuires a high 
loaded Q, which may be realized by loose coupling to a cavity of high 
unloaded Q. Although loose coupling increases the loaded Q and mini- 
mizes frequency pulling by external loads, transmission loss is increased 
accordingly. ♦ 

Sensitive measuring equipment can tolerate considerable loss through 
a cavity, however, and a sharp resonance indication and freedom from 
frequency pulling are the most important characteristics. The resonant 
mode should provide a loaded Q sufficiently high so that the corresponding 
pass band is not more than 10 times the desired accuracy.^ Also a mode 
should be chosen which allows a simple tuning mechanism that does not 
introduce uncertain electrical contacts at high-current points. Once a 
cavity design is chosen, it should be examined to determine the frequencies 
at which the cavity will resonate in other modes. The cavity should be 
free of the effects of other modes throughout its frequency range and 

^ The accuracy of resonant-frequency measurement is discussed in Sec. 6-28. 



PARTIAL-COAXIAL CAVITIES 


Sbc. 6*21] 


377 


preferably mode-free over the frequency range of the oscillator with 
which it is used. 

False responses can be minimized by selectively absorbing energy 
from the undesired modes without interfering with the desired mode. 
However, absorbing material must be nonhygroscopic in order to avoid 
humidity effects. Another mode-suppression technique employs slots or 
gaps which are cut in the cavity and thereby change its effective dimen- 
sions for the undesired modes. Accordingly, the cavity may be made 
resonant in these modes at frequencies well outside the operating range. 

In summary, a standard cavity should provide a high loaded Q, low 
transmission loss, small couplings to external loads, a simple tuning 
mechanism, a broad tuning range, freedom from the effects of other modes, 
temperature compensation, and vacuum-tight seals for freedom from 



Fio. 6’24. — Partial-coaxial standard cavity. 


humidity effects. A practical design must effect a compromise between 
satisfying these many recjuirements and avoiding the consequent difficul- 
ties of manufacture. 

6*21. Partial-coaxial Cavities. — The cavity shown in Figs. G-24 and 
6‘25 approximates a three-quarter- wavelength short-circuited coaxial line 
that has a lumped capacitance added to the open end.^ This design is 
used to cover the frocpiency range from 2700 to 3400 M c/sec by employing 
two models of different lengths. Production models were designated 
TFS-10 and were used primarily as beacon-reference and filter cavities. 
However, they also represent the most satisfactory standard-cavity design 
that has been developed for this frecpiency range. 

As shown in Fig. ()*25, the cavity is tuned by varying the length of the 
center conductor. The tuning rate varies from 750 to 1500 Mc/sec per 
in. of shaft motion. Contact fingers are placed at a low-current point, 
approximately one-quarter wavelength from the short-circuited end of the 
cavity. The effective electrical position of the fingers varies with fre- 

^ This mode is described in Chap. 5. 
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quency, however, and, in order to keep them always in a low-current 
region, two cavities of different lengths were designed. The short cavity 
is tunable from 3000 to 3400 Mc/sec; the long model, from 2700 to 3050 
Mc/sec. The contact fingers are one-quarter wavelength from the short- 
circuited end at 2850 and 3200 Mc/sec for the long and short models, 
respectively. Also, the long and short cavities have their coupling loops 



Fig. 6'25. — MechunicHl dinicn»ionH for TFS-10 caviticH. 


and relative dimensions chosen so that together they provide a wide 
frequency range without unreasonable variations in Q and transmission 
loss. 

The unloaded Q of this cavity is about 6000 if the interior is silver- 
plated and the contact fingers are made of heat-treated beryllium-copper. 
Depending on the orientation of the coupling loops, the loaded Q will 
lie between 650 and 3000. When the loops are oriented for standard- 
cavity use, a loaded Q of 3000 and a transmission loss of 6 db result. 

An approximate temperature compensation has been achieved by 
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making the body of the cavity from ordinary steel and the center con- 
ductor from invar steel. The resultant frequency shift with temperature 
is about +5 kc/sec per degree C, the cavity being somewhat overcom- 
pensated. This overcompensation could be reduced by simply making 
part of the invar center conductor from brass or from the material of the 
body, steel. The preferable method for temperature compensation is 
that described in Sec. 6*25. 

The cavity is sealed for evacuation by soldering a spring-loaded bel- 
lows around the tuning mechanism and by using glass beads to support 
the coupling loops. These beads provide a Kovar-glass seal at both the 
inner and outer conductors, and were manufactured by the Corning 
Glass Company. However, the use of glass beads, instead of the con- 
ventional polystyrene bead, introduces an impedance transformation that 
reduces the effective coupling-loop area. Loops that provide an insertion 
loss of 6 db with polystyrene beads provide a loss of 10 db with glass beads. 

From the standard-cavity viewpoint, the most serious defect of the 
present design is the coaxial fittings. Waveguide is large and cumber- 
some in this fre(iuency range, hence the use of 50-ohm coaxial cables. 
The connectors of both the cables and the cavity wear and cause large 
and unreproduciblc impedance mismatches, and the resultant frequency 
pulling is significant. It might be advisable to provide resistive padding 
between the cavity coupling loops and the coaxial connectors. The pad- 
ding might well be in the form of a lossy center conductor that is made 
by evaporating metal on glass.' Although at first thought the use of 
padding may seem undesirable, this is a false impression since at least 
10 db and preferably 20 db of attenuation should be provided on each 
side of the cavity in order to isolate it from the oscillator and the detector 
when making reliable frequency measurements. It is obviously advan- 
tageous to incorporate this padding as an integral part of the cavity. 

6-22. TEon -mode Cavities. — Right-cylindrical cavities that operate 
in the y'£'oii-mode have been used extensively in the frequency range 
from 7900 to 9700 Mc/sec. They are easy to construct and can be pro- 
vided with a simple tuning mechanism that does not require the use of 
contact fingers. However, cylindrical cavities do support more than 
one resonant mode, even over relatively small frequency ranges, and 
hence require mode-suppression techniques. 

All cavities of this type are tuned by the axial movement of a piston 
which constitutes one end of the cylinder. A small gap about iV 
between the piston and sidewall does not affect the operation since no 
currents flow across the corners of the Tfion-mode cavity. A standard 
micrometer thread is usually used to provide uniform motion. Vernier 
tunipg is achieved by threading a rod through the main tuning shaft so 

^ Metalized>glas8 attenuators arc discussed in Chap. 12. 
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that the end of the rod projects into the cavity from the piston. The 
tuning rate depends on the effective amount of the rod that is in the 
cavity. Since there are no radial currents across the end of a TEon^ 
mode cavity, contact fingers between the rod and piston are unnecessary. 
In practice a ^-in. gap is left between the two parts. The double 
tuning mechanism, however, does not lend itself to standard sealing 
techniques. The simplest method for sealing the tuning mechanism is 
the spring-loaded bellows described in Sec. 6-21 for the TFS-10 cavity. 
If vernier tuning is desired, a second screw vnth fine, ground threads may 
be inserted through the main tuning screw. 

The cavity may be inductively coupled to external loads in two ways. 
In the first method, which applies to either a transmission or a reaction 
cavity, waveguide is butted against a circular iris in the side of the cavity 
so that the broad dimension of the waveguide is parallel to the axis of the 
cylinder. The distance from the cavity to the waveguide flange is impor- 
tant only for the reaction cavity. This cavity is usually coupled to the 
main transmission line by means of a waveguide T. ,The effective dis- 
tance between the cavity and the transmission line is made one-half wave- 
length so that resonance produces a reduction in power delivered to the 
load. 

The second method of coupling applies only to the reaction cavity. 
The cavity and waveguide are milled and soldered together so that the 
circular iris is centered on the broad face of the waveguide. The axis 
of the cylinder is parallel to the broad dimension of the waveguide, and 
the effective distance between the cavity and the waveguide is zero. 
Thus the frequency sensitivity of the T-method is avoided. A small 
inductive post in the waveguide below the coupling iris will help to com- 
pensate for the impedance mismatch produced by the hole when the cav- 
ity is not resonant. 

The coupling irises are usually sealed by soldering Kovar-glass disks 
over the holes on the outside of the cavity. Since this operation is done 
after the waveguide has been hard-soldered to the cavity, it is difficult to 
obtain a tight joint. Induction-heating techniques have been used to 
provide localized heating for this soldering operation. 

The r^on-mode cavity has a theoretical unloaded Q of about 30,000, 
if the inside surface is silver. Practical cavities have an unloaded Q of 
about 20,000. The inability to achieve the theoretical Q remains 
unexplained. Perhaps the buffing operations are imperfect and the silver- 
plated interior is not sufficiently uniform. Naturally the cavities are. not 
perfectly symmetrical. The effect of the degenerate TMm-mode asso- 
ciated with the irJ?oii-mode is unknown but may be appreciable. Meas- 
urements have shown that apparently identical cavities have unloaded 
Q's which vary from 15,000 to 25,000. The conventional coupling holes 
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of i-in. diameter load the cavity so that a loaded Q of about 10,000 and a 
transmission loss of about 6 db are realized. As in the case of the TFS-10 
cavity discussed in Sec. 6*21, it is recommended that resistive attenuators 
of at least 10 db be attached permanently to the cavity. 

Spurious-mode suppression is the major problem for TE oiy-mode 
cavities. Because of their symmetry, they will resonate at several fre- 
quencies within the range of the oscillators that are used to excite them.^ 
A slight separation of the TMm- and TjEon-modes may be achieved by 
spherical curvature of the end of the cavity. In many production 
models, a polyiron disk w'as attached to the back of the piston. Energy 


Fio. 6 26, — T£oii-mode cavity covering the frequency range from 7900 to 8500 Mc/sec 
that is coupled into the back cavity is absorbed by the polyiron disk, if 
electric currents tend to cross the gap between piston and sidewall. 
However, the use of polyiron proved unsatisfactory in sealed cavities 
since the polyiron occluded water vapor. Perhaps a metalized-glassl^ 
plate similar to those used in resistive attenuators w^ould provide a satis- 
factory, nonhygroscopic absorber for the back cavity. 

The cavity shown in Fig. 6*26 employs a choke cut in the edge of the 
piston in order to shift the TE^irinode approximately 100 Mc/sec. This 
is a typical example of an undesired mode that causes trouble even though 
shifted outside the calibrated frequency range of the cavity. When the 
micrometer is set for resonance at 7900 Mc/sec in the TEon-mode, the 
cavity is also resonant in the TEzn-raode at 8560 Mc/sec, just outside 
the calibrated range. An oscillator designed for use in this band will 
probably tune to 8560 Mc/sec. If so, the cavity can indicate falsely 
that the oscillator is at 7900 Mc/sec. Since this type of error can be 
very costly, it is often advisable to measure the approximate wavelength 
with, for instance, a coaxial wavemeter or slotted section. 

Over a very narrow range of frequencies, some undesired modes can 
be shifted by making the back cavity resonant. As seen from the main 

^ Monies which may exist in cavities are discussed in Chap. 5. 




382 FREQUENCY MEASURE^fENTS [Sec. 0-23 

cavity, the gap between piston and wall represents a high impedance 
that shifts modes which require currents across the cavity corners. In 
the case of transmission cavities, the relative orientation of the input and 
output coupling holes can be used to minimize transmission in nonsym- 
metrical modes. 

Successful temperature compensation^ of these cavities was never real- 
ized because they did not exhibit reproducible expansion characteristics. 
Standard cavities were made originally from all-invar parts except for 



Fio. (5-27. — Hybrid rA’oii-niode cavity. 


the waveguide and its flanges. The cavities behaved, however, as if they 
were made from a material who.se coefficient of expansion was two to four 
times that of invar. Many factors can be involved. Time did not 
always permit aging the invar as recommended by its manufacturer. 
Hard-soldering requires that the cavity be heated until cherry red. Invar 
is a critical material and slight (rfianges in composition, as may result 
near the soldered joints, will change its characteristics. The brass wave- 
guide and flanges may introduce unknown strains during changes in 
temperature. As a result compen.sation by inserting a section of brass 
in the tuning shaft was not reproducible. 

6*23. Hybrid Tfioii-mode Cavities. — These cavities are used in the 
frequency range from 23,500 to 24,500 Mc/sec and differ from the 
ordinary r£oii~mode cavity in that the field configuration^ is slightly dis- 
torted by coaxial rods which are attached to the ends of the cavity as 
indicated in Fig. 6*27. The cavity is tuned by varying the insertion 

^ Section 6-24 discusses the temperature coefficient of frequency for a 7'/?on-mode 
cavity. 

* The hybrid T'^on-mode is discu8se<l in ('hap. 5. 
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of one of these rods. The tuning rate is fairly linear, and simple, direct- 
reading dials can be utilized for frequency meters. 

Spurious modes have been discovered in this cavity, despite the 
Bakelite absorber that is coupled to the cavity by means of a narrow gap 
which does not affect the operating mode. Also, a mode-crossing was 
observed which produced an uncertain resonance indication over a small 
part of the tuning range. One experimenter removed this mode-crossing 
by omitting the short, fixed coaxial rod, and reported that no other 
detrimental effects were introduced. 



Fia. 6-28. — ^Staiidard cavity for the frequency range from 23,500 to 24,500 Mc/sec. 

The only standard-cavity design using this mode is shown in Fig. 
6*28. It is an all-invar cavity, but is unsealed and uncompensated for 
thermal expansion. Five fixed-tuned models were built with tuning rods 
of various lengths so that the resonant frequencies were distributed 
uniformly throughout the frequency range. The cavities are mounted 
directly on the broad face of the waveguide to produce a reaction resonance 
indication. The mounting is like that described in Sec. 6*22 for the 
7'£’oii-mode cavities, except that a capacitive, rather than an inductive, 
post is used to match out the reactance of the coupling hole. The cou- 
pling-hole diameter is about I in., and the resultant loading reduces the 
unloaded Q of 15,000 to a loaded Q of about GOOO. 

No transmission cavities have been built but the same size coupling 
hole would serve eciually well. Because of the small hole size, it probably 
would be simpler to seal the waveguide than the cavity. Kovar-glass 
seals could be placed between metalized-glass attenuators and the cavity. 
In this way, the frequency-pulling caused by the seals would be a per- 
manent effect, and the combined mismatches of the seals and the cavity 
would be isolated from the generator and detector by the pads. The 
sealed tuning mechanism could be of the spring-loaded-bellows type as 
was suggested for the partial-coaxial cavities. In any case, the Bakelite 
absorbing material should be replaced by a nonhygroscopic absorber such 
as metalized glass. Temperature compensation could be achieved by 
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using external differential expansion to move the tuning shaft as dis- 
cussed in Sec. 6*25. 


TEMPERATURE AND HUMIDITY EFFECTS FOR STANDARD CAVITIES 

The resonant frequencies of some cavities can change as much as 1 
part in 10* as a result of thermal expansion and variation of the water- 
vapor content of the atmosphere within the cavity. Consequently, true 
standard cavities should be sealed and temperature-compensated. How- 
ever, the ordinary frequency meters, which are calibrated by means of 
standard cavities, are not usually sealed. In order to avoid production- 
line corrections for temperature and humidity effects, these frecjuency 
meters are calibrated against standard cavities which undergo the same 
effects. For purposes of standardization, the standard cavities are 
adjusted to resonate at the desired frequencies at 25°C and (>() per cent 
relative humidity. Since these atmospheric conditions cannot usually be 
realized at the time of cavity adjustment, the cavities are made resonant 
at frequencies which differ from the desired frequencies by amounts 
corresponding to the temperature and humidity effects. The cavities are 
adjusted under nonstandard conditions so that they resonate at the 
desired frequencies under standard conditions, and a clear knowledge of 
temperature and humidity effects is necessary. 

6*24. Temperature Effects. — If all dimensions of a lossless cavity are 
scaled proportionally, the resonant wavelength is scaled by the same 
factor. When a homogeneous cavity undergoes thermal expansion, all 
dimensions are increased by a factor (1 + «) per degree C, where a is the 
linear coefficient of expansion for the material. That is, 

— — = (!+«) per degree C. 


Since frequency and wavelength are related according to 



it follows that 

A/ AX 

/ X + AX 


a 


per degree C. 


Since a is a very small quantity, the thermal coefficient of frequency is 
very nearly 


/ 


a per degree C. 


Although the scaling principle is exact only when skin-depth effects are 
included, they can be omitted with negligible error in the case of high-Q 
cavities. 
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Unfortunately the thermal coefficient of expansion is useful only for 
estimating the frequency coefficient since truly homogeneous cavities 
of known expansion coefficients are not realized in practice. Small 
amounts of solder and manufacturing processes often change a low expan- 
sion characteristic so that the frequency coefficient is two or three times 
that predicted. Also, the frequency-pulling effects of external loads 
vary with temperature and effectively change the frequency coefficient. 
For example, TEon-Tnode standard cavities were made in quantity from 
all-invar parts except for the waveguide transmission lines attached 
to them. Although the expansion coefficient for invar is 0.8 X 10~®, the 
average frequency coefficient for these cavities was —2 X 10“®. Indi- 
vidual frequency coefficients varied from this value by factors as large 
as 2, caused in part by improper scaling which introduced humidity, as 
well as temperature, effects. 

However, if a YTou-mode cavity is made from a high-expansion 
material — for example, steel for which a = 12 X 10“® — then the fre- 
quency coefficient is more nearly —a. Since the resonant frequency 
decreases with the height of the cylindrical cavity, a portion of the tuning 
shaft can be made from a higher-expansion material in order to effect 
internal compensation. If this portion has a coefficient ai and a length 
/, differential expansion will effectively move the piston an amount 
— (a I — a)L This motion will change the resonant frequency an 
amount 

(E)’ 

where df/dh is the tuning rate, and h is the height of the cavity. The 
total frequency change will be 

(A/)' =-«/-(«,- a)l (10, 
and the frecpicncy coefficient is 

(j) = (I) C. 

For compensation, this coefficient is zero and the ratio of expansion 
coefficients is 

^ _ 1 

a ^ I \dfj 

The compensation cannot be perfect over the entire tuning range because 
{f/l){dh/df) does not remain constant. Consequently, it is wise to 
start w ith a cavity of low-expansion material. Compensation is deter- 
mined by cut-and-try methods since spurious effects are prominent and 
render calculation almost useless. 
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In the case of the partial-coaxial cavity, a decrease in the length of 
the center rod increases the resonant frequency. Therefore, if the center 
rod is made of a low-expansion material, differential expansion effectively 
shortens the center rod and ptovides temperature compensation. The 
field configuration for this mode is very complex, and the frecpiency 
coefficient of a compensated cavity is best determined experimentally. 
A cavity ^^^th a steel body (a = 10 X 10“®) and invar center rod (effec- 
tive a = 2 X 10“®) has a frequency coefficient of 4-1.6 X 10“® per 
degree C. By an approximate method, the coefficient for a steel-and- 
invar combination was calculated to be +6 X 10“® per degree C. The 
factors neglected in the approximation tend to make the result even 

larger, and the discrepancy is 
another example of the large 
spurious effects which are too 
complex and numerous to calcu- 
late. Only a few cavities of this 
type were] built ^ and data are in- 
sufficient to indicate that the fre- 
quency coefficient of 4-1.6 X 10”® 
per degree C is really reproducible. 
If the compensation is reproduci- 
ble, it may be improved further by 
changing the cavity dimensions 
slightly. 

In the case of the hybrid TEon- 
mode cavity, the field configura- 
tion is such that the coaxial 
conductor has but little effect on 
the resonant frequency. In fact, 
even at 24,000 Mc/sec a conventional thread can be used for the tuning 
drive and yet a relatively low tuning rate is realized. The tuning effect is 
so complex and the dimensions are so small that internal temperature com- 
pensation is not practical. 

6*26. External Temperature Compensation. — If all parts of a cavity 
are made from a material for which the expansion coefficient ai is larger 
than 10 X 10“®, then spurious effects will be small and the frequency 
coefficient will be very nearly equal to — ai. Consequently, the calcula- 
tions are simple when temperature compensation is applied to the tuning 
shaft external to the cavity. If the cavity is sealed by means of a 
spring-loaded bellows as shown in Fig. 6-29, the differential expansion of 
the shaft, screw, and cap can provide compensation. 

The expansion coefficients and effective lengths of the shaft, screw, and 
cap are designated by the subscripts 1, 2, and 3, respectively. Positive 



l*'iG. 6-29. — External temperature compensa- 
tion for standard cavities. 
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axial motion is into the cavity. The tuning shaft is made of the same 
material as the cavity in order to ensure a homogeneous interior. When 
the assembly undergoes a temperature change, the shaft experiences an 
effective movement 

Al = aih + a2l2 ctzlz. 


As indicated in Fig. 6*29, 
so that 


/i + Z2 — Iz 


Al = («i — a2)/i + (^2 — otz)lz- 
This motion changes the resonant frequency an amount 


( 1 ) 


Al 


(i> 


The expansion of the cavity changes the frequency an amount —a if so 
that the net frequency change is 

The fractional frequency change is 

For perfect compensation there is no frequency change and 


Tn order that the compensation may be successful over the tuning range, 
Al must vary as the cavity is tuned. The nature of this variation depends 
on the tuning characteristic. Conversely, Eqs. (1) and (2) determine 
the tuning characteristic for which uniform compensation may be 
achieved. Differentiation of Ecj. (1) gives 


^AI) ^ 
dl 

and differentiation of Eq. (2) gives 



Equations (8) and (4) may be combined and integrated to give 


(3) 

(4) 


/ _ 0L2 — ai 

Sf/dl “ ai 


Z + Cl, 


(5) 
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where Ci is a constant. Equation (5) may be rearranged and integrated 
to give 

In/ = — In ~ I + Ci)c 2 , 
ac2 — ai \ / ’ 

where Ci and C 2 are constants. This equation is equivalent to 

at — ai\ 

at J =kl + C, 

where k and C are constants. Thus, uniform compensation is feasible 
for a cavity whose tuning characteristic is of the general form 

f^-=kl + C, (6) 


if ai and 0^2 are chosen so that 

a2 — ai 
n 


(7) 


However, since the expansion coefficients are positive and not zero, 
Eq. (7) requires' that 

n > —1. 


Equations (1), (2), and (7) may be combined to give 


«2 


{n+l)U 


(8) 


This equation suggests making the cap and screw of the same material 
so that a 2 = as. Accordingly, Eq. (8) gives the shaft length as 


h = 



(9) 


which requires a negative tuning rate for n > 0 and a positive tuning 
rate for 0 > n > — 1. 

Equations (7) and (8) may combined to give 


^s 

ai 


(n+ 1)?, - nh-ff^ 

u 


This equation suggests making the cap and shaft of the same material 
so that ai = aa. Accordingly, the length of the screw is given as 

^ The case of n » 0, that is, ai » as, is treated separately in a later part of this 
section. 
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which requires a positive tuning rate forn > 0 and a negative tuning rate 
for 0 > n > —1. 

When n = 0, that is, ai = cr 2 , Eq. (5) becomes 


L-c 

dl 

J 

which may be rearranged and integrated to give 

log / = Czl + Ciy 

where Cs and Ca are constants. Thus, if a cavity has a tuning charac- 
teristic so that a graph of log / versus I gives a straight line, uniform 
compensation is achieved by making the shaft and screw of the same 
material. Accordingly, Eqs. (1) and (2) may be combined to give the 
ength of the cap as 

I 


h 


-(—) 

\ai — as/ 


which requires ai > as if the tuning rate is positive, and ai < a* if 
the tuning rate is negative. 

Although uniform compensation cannot be achieved if n ^ — 1, 
this case is important because it includes, for example, the pure coaxial 
cavity. Since the resonant wavelength is proportional to the length 
of the cavity, the tuning characteristic is of the form 


J = w + c, 

and n = — 1. Diflferentiation of Eq. (12) gives 



( 12 ) 


which may be combined with Eq. (2) so that 

Aik/ = ai. 

This equation indicates that Al should decrease as the frequency increases, 
that is, as the cavity is lengthened. If the tuning rate is positive, this 
effect is realized by making the cap and screw of the same material so 
that only the shaft length is effective in producing compensation. At 
one frequency, perfect compensation is achieved by making the shaft 
length 

a if \dl 

df' 

where ai > ai. This expression results from a combination of Eqs. 


\ai — as/ 
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(1) and (2) when ^2 = «3. If the tuning rate is negative, Al will decrease 
as the frequency increases when the screw provides compensation. The 
cap and shaft are made of the same material, and ai = 0:3. At one 
frequency, perfect compensation is achieved when the length of the screw 
is 



where ai > a2. 

Although uniform compensation over the tuning range cannot be 
realized for all cavities, optimum compensation results when the materials 
and dimensions are chosen to be compatible with the requirements 
imposed by the tuning characteristic. Consequently, when designing a 
compensated cavity, the tuning characteristic should be examined by 
plotting frequency vs. shaft position on logarithmic or semilogarithmic 
graph paper. If the major portion of the resultant curve is a straight 
line, its slope is equal to the exponent n that is used in the equations for 
uniform compensation. Even in this case, however, uniform and exact 
compensation is difficult to realize because of variations in materials, 
tolerances, and the effects of manufacturing processes. Accordingly, 
it is desirable to pro\dde shims of cap material between the cap and 
cavity as shown in Fig. 6-29. These shims are included in the calcula- 
tions, but later may be made of high- or low-expansion material in order 
to improve compensation at some particular frecpiency. 

6*26. Humidity Effects. — In a resonant cavity, the energ>" stored in 
the electric field is equal to that stored in the magnetic field. The energy 
stored in each field is a function of freciuency, and that stored in the 
electric field is a function of the dielectric constant of the medium within 
the cavity. Consequently, when the dielectric constant varies, the 
frequency of excitation must be varied until the energies stored in the two 
fields are again equal and resonance is restored. For all practical cavities 
in which the medium does not introduce excessive and variable loss. 



where /o is the resonant frequency corresponding to a new dielectric; 
constant. A:'. 

Accordingly, the fractional frequency change is one half the fractional 
change in dielectric constant, that is, 

^ ^ _ I M . 

/ 2 k/ 

However, this equation is of general use in the laboratory only when 
easily measured quantities, such as temperature and relative humidity, 
are related to the dielectric constant in a simple manner. Since this is 
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not the case, the nomograph of Fig. 6*30 was prepared for laboratory 
use. 



Fio. 0-30. — niiinidity-cffect nornogra.^h. 


The calculations are based on an empirical equation^ which relates 
the dielectric constant of air to temperature and partial pressures of dry 
air and water vapor, that is, 

= 1 + 210 X I0-« Y + 180 X 10-» 

where T is the absolute temix'ratiire. Pa the partial pressure of dry air in 
millimeters of mercury, and is the partial pressure of water vapor in 
millimeters of mercury. The nomograph is nonnalized relative to 25°C 

‘A. C. Strickland, “The Dielectric Constant of Water Vapour and its Effect 
upon the Propagation of \"ery Short Waves,” IIRB 1594, Radio Department, National 
Physical Laboratory, Radio Research Board, Department of Scientific and Industrial 
Research, May 11, 1942. This is a British Report. The humidity effects based on 
this equation have been verified experimentally at the Radiation Laboratory. 
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and 60 per cent relative humidity, which are standard measurement 
conditions. Since the dielectric constant increases with the total water 
content of the air, the largest effects occur when the relative humidity 
is 100 per cent at high temperatures. 

In the case of sealed cavities which are evacuated, small leaks are 
readily detected with ordinary frequency meters because of the large 
frequency changes produced by the humidity effect. If cavities are 
sealed merely to prevent the internal atmosphere from changing, small 
leaks are not readily detected unless the external conditions differ con- 
siderably from those at the time of sealing. Consequently, it is a good 
idea not only to seal cavities but to evacuate them as well. 

It should be borne in mind that the humidity effects described in this 
section are relatively simple in principle and do not include the effects 
of molecular resonances which occur in some parts of the microwave 
spectrum. 


MEASURING EQUIPMENT AND TECHNIQUES 

Accurate frequency measurements usually fall into two classes: 
those in which the resonant frequency of a cavity is determined ^v^th 
the signal from a primary standard, and those in which the cavity fre- 
quency is determined by comparison >vith a standard cavity. For the 
first class of measurement, a spectrum analyzer (panoramic receiver) 
provides a sensitive indication of the transmission of, or reaction on, the 
standard signal by the cavity. The accuracy of this method is limited 
because the rate of change of transmission, or reaction, with frequency 
is zero at resonance. On the other hand, the rate of change is a maximum 
at the half-power frequencies of the cavity, and a factor of 10 in accuracy 
is gained by using images of the standard-frequency signal, the images 
being separated so as to occur at the cavity half-power points. This 
cavity Q-meter technique is so named because Q may be determined 
simultaneously from a knowledge of resonant frequency and pass band. 

The simplest way to align twt) cavities to the same frequency is to 
allow them to react successively on the transmission line betw^een an 
f-m oscillator and a detector. The detector output signal is coupled 
to an oscilloscope so that the pattern is a plot of reaction versus frequency. 
Accuracy is limited by the ability to judge when the peaks of the two 
reactions are coincident. A small displacement of the two peaks will 
produce merely a slight shift in the peak of the composite reaction. On 
the other hand, a small displacement is easily observed if the cavities 
are coupled to separate transmission lines and detectors. A common 
f-m oscillator is used, and electronic switching in the oscilloscope provides 
superposition of the two reaction patterns. This is the cavity-com- 
parator technique. 
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However, even the most accurate standards and measuring techniques 
are of little value if the resonant frequencies of cavities are affected in an 
uncontrolled manner by temperature, humidity, and external loads. 
Obviously, standard conditions must be established and recognized. 

6'27. Standard Measurement Conditions. — In order to minimize 
frequency errors caused by temperature and humidity effects on unsealed 
and uncompensated cavities, standard conditions were chosen to represent 
typical operating conditions. The choice of 25®C and 60 per cent relative 
humidity was made by the Radiation Laboratory where the first calibra- 
tion service was initiated. The Radio Section of the National Bureau 
of Standards now maintains this service and continues to use these 
standard conditions. The conditions mean that cavities are adjusted 
so they resonate correctly at 25°C and 60 per cent relative humidity. 
Since these conditions are not always realized at the time of adjustment, 
a cavity is purposely misaligned by an amount corresponding to its 
temperature and humidity effects. Naturally this procedure introduces 
some error, and the best results are obtained with sealed and compensated 
cavities. The humidity effect is the same for all unsealed cavities but the 
temperature effect is often individual. Consequently, when a cavity is 
submitted for calibration, its temperature coefficient of frequency should 
be furnisned to, or requested of, the test laboratory. 

The ideal solution to the problem of standardizing the effects of 
external loads would be to terminate all transmission lines with their 
characteristic impedances. The practical solution is to use resistive 
attenuation between the cavity and external loads. The amount of 
attenuation depends on that tolerable and the reflection coefficients of 
the loads which are to be isolated. 

Cavity Q-meters and comparators can tolerate about 32 db of attenua- 
tion between oscillator and detector. Since transmission cavities may 
have an insertion loss of about 7 db, about 25 db are left for isolation. 
A reflex oscillator is very poorly matched to the transmission line, but 
a crystal detector can be matched so that its VSWR does not exceed 
1.10. Consequently, most of the attenuation should go between the 
oscillator and cavity. If well-matched 17- and 8-db attenuators are 
placed on the oscillator and detector sides respectively, the cavity will 
be coupled to loads whose voltage standing-wave ratios will not exceed 
1.05.^ Well-matched attenuators can be made from long, tapered pieces 
of resistance-strip material or polyiron, and frequency pulling by external 
loads will be minimized as much as possible. 

6'28. Spectrum-analyzer Techniques. — Equipment is arranged as 
indicated in Fig. 6*31 if the standard-frequency signal is to be transmitted 
through or past the cavity. Many commercial spectrum analyzers have 

^ Frequency pulling as a function of load reflection is discussed in Chap. 5. 
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cutoff atteauators between the r-f input jack and the mixer, and the 
attenuator insertion loss effectively lowers the sensitivity. For frequency 
measurements, optimum sensitivity is necessary in order to allow ade- 
quate attenuation on either side of the cavity, and it is common practice 
to remove the cutoff attenuators from spectrum analyzers. 


Tune cavity or frequency 



I (1) Tune c w oscillator to maximize pip. | 
j (2) Tune frequency standard to produce i 
j^beat indication. ^ 

Fig. 6-.'52.- — Auxiliary-oscillator technique. 

If the sensitivity is still inadequate, an auxiliary c-\v oscillator may 
be used as indicated in Fig. 0-32. The frequency standard is tuned so 
as to beat with the c-w signal transmitted through the cavity. Care must 
be taken not to use the beat which occurs between image frequencies 
in the spectrum analyzer. The two possible l)eat patterns are shown 
in Pig. 6*33. When the two input frequencies arc nearly eciual, the beat 
frequency is independent of the local-oscillator frequency; when the 
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frequencies are images, the beat frequency changes as the local oscillator 
is swept across its range. If the auxiliary oscillator is unstabilized, the 
beat indication will not persist for much longer than 2 or 3 min. Fre- 
quency coincidence can be estimated to about ± 10 kc/sec. 

The accuracy of cavity resonant-frequency measurement depends 
also on the observer's ability to judge when the transmitted signal is 
maximized. If the spectrum analyzer has a linear heterodyne receiver, 




Fkj, 0*33. — Spectrum-analyzer beat-frequency indications. 

the height of the c-w pip is roughly proportional to the r-f input voltage. ‘ 
For high-Q cavities, the relative voltage in the neighborhood of resonance 
is very nearly 



where Vq is the voltage at the resonant frecpiency /o, / is the observed 
frequency, and Q/, is the loaded Q of the cavity. Since 


and 

then 


A/ == /a - /, 

= ho — h, 

V OC h, 

^ - Jl 

/o “ Q,\2ho 


where Af/fo is the fractional frecpiency error corresponding to a pip- 
height error Ah/ho. A careful observer can detect a 2 per cent variation 
in pip height so that 

A/^ 1 

/o lOQ:.* 


* It ifl n«8umod here that both the first and the second detectors are nearly linear. 
If they are not linear, the accuracy will be greater than that which is calculated. 
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6*29. Cavity Q-meter Technique. — The components for the Q-meter 
method are shown in Fig. 6-34. R-f power from an f-m oscillator is 
transmitted through the test cavity to a crystal detector. The detected 
signal is amplified and provides vertical deflection for the cathode-ray 
tube so that the resultant pattern is the bandpass characteristic of the 
cavity. The f-m oscillator also serves as the local oscillator |^r a hetero- 
dyne receiver whose intermediate frequency is adjustable and whose pass 
band is very narrow. The intermediate frequency is sufficiently low so 
that the f-m local oscillator produces i-f signals when it is either above 



Fio. 6*34. — Components for cavity-fj-meter method. 


or below the input frequency. The video output signal consists of 
pips similar to those produced' by a spectrum analyzer. These pips are 
used to intensity-modulate the cathode-ray tube, thus producing spots 
on the bandpass characteristic. If the standard-frequency input signal 
corresponds to the resonant frequency of the cavity, the spots are equi- 
distant from the base line. If the receiver is adjusted so the spots occur 
at the cavity half-power points, their frequency separation is equal to the 
bandwidth and is twice the intermediate frequency of the receiver. 
Loaded Q is measured as the ratio of resonant frequency to bandwidth. 

The actual arrangement of the circuit components is shown in Fig. 
6*35.^ The power supply is not indicated but is designed to operate both 

^ The Radiation Laboratory has furnished a cavity Q-meter of this type to the 
National Bureau of Standards. 
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mechanically and thermally tuned reflex oscillators. Frequency modula- 
tion is accomplished by varying the oscillator reflector voltage. Either 
sine-wave or sawtooth modulating signals may be used. 



Sine-wave modulation provides a double trace and produces two 
pairs of spots if the amplifiers introduce distortion or effectively delay 
the spots by poor video response. Measurement error can be avoided 
by using the mean positions of spot pairs. A phasing control is provided 
so that amplifier phase shift and oscillator hysteresis may be compensated 
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and the two patterns may be superimposed. However, the sine-wave 
modulation produces a faster sweep at the center of the screen than 
does a sawtooth modulation of the same recurrence frequency. Accord- 
ingly, better video response and a wider i-f pass band are required. 
The ^vider i-f pass band produces broader spots so that some accuracy is 
lost. Consequently, a compromise has been effected. 

Amplifier response and i-f bandwidth are chosen for optimum opera- 
tion when sawtooth modulation is used. That is, negligible error occurs 



wise specified 

Fici. 6-30, — Modiilutioii and swc*ep circuits for cavity Q-mcter. 

for sawtooth modulation. This may be checked against the mean posi- 
tion of the spot pairs when sine-wave modulation is employed. Spot 
pairs result because the simpler circuit design for sawtooth operation is 
inadequate for optimum sine-\N"^ve operation. 

Modulation and sweep-circuit details are shown in Fig. 6-36. A 
selector switch pro\ides a choice of a GO-cps sine-w’ave signal, a GO-cps 
sawtooth signal, or some external signal. A sawtooth recurrence fre- 
quency of 60 cps is chosen for three reasons: instability from GO-cps hum 
modulation is eliminated by synchronization; the low recurrence fre- 
quency reduces the high-frequency response requirements for the video 
amplifiers; and a narrow receiver pass band can be utilized. 

The sawtooth signal is generated by means of a standard thyratron 
circuit which uses a fraction of the heater voltage for synchronization. 
When the thyratron fires, a positive pulse is developed across the cathode- 
bias resistor. This pulse is applied to the CRT cathode and blanks the 
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return trace. The sawtooth signal is applied to a cathode-coupled push- 
pull amplifier which is direct-coupled to the CRT hdrizontal deflection 
plates and the grids of two cathode followers. The output signal from 
one of the cathode followers is applied to the oscillator reflector. A 
clamping diode prevents the reflector from being driven positive with 
respect to the cathode. The entire sweep is centered on the CRT 
screen by varying the bias of one push-pull amplifier tube. This control, 
however, does not appear on the front panel. The horizontal-positioning 
control is actually the reflector-voltage control for the oscillator. Reflec- 
tor-voltage variations shift the pattern with respect to the sweep since 
they shift the operating frequency with respect to the modulation. 

When sine-wave modulation is employed, the cathode-follower output 
signals are applied to a phase-shift network. The output signal from this 
network is used to modulate the oscillator, and since only small phase 
variations are necessary to superimpose the two patterns, the amplitude 
variation is negligible. Ahother set of contacts (not shown in Fig. 6-36) 
on the selector switch removes the CRT blanking signal for sine-wave 
operation. 

The receiver for the Q-meter, shown in Fig. 0-37, consists of a tunable 
i-f stage, three bandpass stages, a diode detector, and video amplifiers. 
The i-f input impedance is that of a 50-iuh choke and is equal to about 
100 ohms at 300 kc/sec, the lowest intermediate frequency. The choke 
offers even less impedance to crystal-current variations and minimizes 
the shock excitation of the i-f amplifier when the oscillator is over- 
modulated and drops out of oscillation. In order to facilitate oscillator 
alignment, crystal current may be returned to ground through the input 
resistor of the vertical amplifier. Figure 6-38 indicates this circuit and 
the switch which short-circuits the crystal current to ground in normal 
operation. When crystal current is coupled to the vertical amplifier, the 
CRT pattern indicates relative output power from the oscillator as a 
function of frecpiency. 

Only the first stage of the i-f amplifier is selective and effective in 
determining the intermediate frequency. The tuning range is divided 
into four bands as indicated in Fig. G-37. The selectivity of each band 
is such that there are at least 25 cycles of the intermediate frequency in the 
modulation envelope corresponding to an output pip. Coils, tuning 
condenser, and band switch are mounted in a separate shielded box and 
are connected to the receiver strip by means of a short, shielded cable. 
The cable enters the strip at the tube socket of the first stage to prevent 
regeneration. The tuning range of the receiver permits cavity-bandwidth 
measurement between 0.6 and 12.2 Mc/sec. 

Two video stages follow’ the second detector and the output signal 
is coupled to a phase inverter. The positive pips from the plate of the 
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phase inverter are coupled to the CRT intensity grid but are limited to a 
peak amplitude of 15 volts to prevent exceeding the CRT bias. The 
negative pips from the cathode of the phase inverter are coupled to the 
CRT focus electrode in order to maintain focus during intensification. 
Also, these negative pips may be coupled to the vertical amplifier so 
that the instrument may be used as a spectrum analyzer. Receiver 
sensitivity (barely discernable pip) is about — 1 10 dbw. 



Fiu. 0-38. Vorticiil-deflectiou amplifier for cavity Q-meter. 

The vertical amplifier, shown in Fig. 6-38, consists of two i?C-coupled 
stages and a cathode-coupled push-pull amplifier which is direct-coupled 
to the CRT vertical-deflection plates. The first stage is shock-mounted, 
and the input circuit is decoupled from chassis ground to eliminate the 
effects of ground currents. Hum modulation resulting from a-c heater 
operation is eliminated by using well-filtered direct current from a 
selenium rectifier. The amplifier has negligible phase shift at the 
recurrence frequency, 60 cps, and its response is uniform to 20 kc/sec. 
The response falls to half power at the frequencies 2 cps and 60 kc/sec. 

The CRT circuit is conventional and hence is not shown. A 5BP1 
tube is used to obtain good focusing. The cathode is operated at — 1700 
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volts and the intensifier ring at 1500 volts. For optimum focusing, the 
second anode is operated at +150 volts, the average potential of the 
direct-coupled deflection plates. 

Typical CRT patterns are shown in Fig. 6-39. Spot pairs appear 
since sine-wave operation is assumed. For band\Wdth measurement, the 
half-power level is established by means of the calibrated attenuator 
of Fig. 6*34. Since the crystal detector is very nearly a square-law 
detector, the half-power level will be half amplitude for the pattern. 
In order to be sure that the pattern reaches the baseline, the f-m oscil- 
lator should have a large frequency deviation. If this is true, shifting 




Fiti. 6*39. — CRT patterns for cavity Q-iueter. The pattern on the left is for bandwidth 
measurements, that on the right for frequency measurements. 

the pattern along the baseline should not produce any vertical motion. 
Since the baseline is not clamped, however, attenuating the signal will 
produce some vertical motion of the baseline, and this motion must be 
included in the half-power level determination. When the half-power 
level is established, the receiver is tuned until the spots coincide with 
the half-power points and bandwidth is read from the receiver calibration. 
The accuracy of the measurement is essentially that of establishing the 
half-power level and probably will not l)e better than ±7 per cent. 

Figure 6-39 also shows the CRT pattern that is used for resonant- 
frequency measurement. The f-m oscillator has a small frequency 
deviation in order to obtain the best possible spots, and the horizontal 
amplitude is reduced to produce a very narrow pattern. Large vertical 
deflection is used and spots appear somewhat blurred even though their 
time duration is very short. The frequency standard or cavity is tuned 
until the spot pairs are matched. The sensitivity is sufficiently high so 
that manually squeezing a cavity will produce appreciable spot-pair 
separation. The accuracy of measurement depends on the Q of the 
cavity and the minimum discemable spot-pair separation. 

For a transmission cavity which may be regarded as a lumped- 
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constant circuit coupled to matched transmission lines by ideal trans- 
formers, 

//h I 

1 h & i 

fv2 \fA_f 2 , 

\/o fyj/ 

where is the power delivered to the matched line at the half-power 
frequency/^. For high-Q cavities, this relation may be approximated by 

^ ^ / /o ^ 

Py. Ai \fy. - hj 

Since 

2(^ - 7o)^ 

then 

^Pyz __ <20 
~ r > — -7 -• 

^ Aa 

For the cavity Q-metcr the vertical deflection d from the baseline is 
proportional to power, and the fractional frecjuency change at the half- 
power points is c(iual to the fractional change in resonant frequency. 
Accordingly, the equation may be written 

A/o ^ 1^ ^ 

/o " Wl d ' 

Usually the vertical deflection from the baseline to half-power level is 
5 in., and the minimum discernablc spot separation is 0.2 in. so that 
Ad is 0.1 in. The resultant accuracy is 

A/o ^ 

h lOOO// 

which is 10 times greater than that for the spectrum-analyzer technique 
where a similar 2 per cent variation in deflection is assumed discernable. 

6*30. Cavity -comparator Technique. — Figure 0*40 indicates the 
method by which two cavities are aligned to the same frequency and 
their relative Q^s and transmission losses are compared. A reflex 
oscillator is frequency-modulated by applying a sawtooth signal to its 
reflector. A recurrence frccjuency of 120 cps is used in order to eliminate, 
by synchronization, the instability produced by hum modulation. An 
oscillator with twin output jacks, or a magic T or directional couplers, 
is used to divide the oscillator output power between two channels. 
Power transmitted by each cavity is detected, and the detected signals are 
amplifled, mixed, and applied alternately to the CRT vertical-deflection 
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plates. Alternate presentation of the two bandpass characteristics is 
achieved by electronic switching. A symmetrical multivibrator is 
synchronized with the sawtooth generator and provides a square wave 
which is applied to the mixer circuit. 

The important circuit details are shown in Fig. 6-41. The regulated 
power supplies (omitted from the diagram) are designed to operate both 



mechanically and thermally tuned oscillator tubes. The sawtooth 
generator (also not shown) is similar to that of Fig. G-36, except that 
synchronization is accomplished by coupling a fraction of the 120-cps 
power-supply ripple to the thyratron control grid. 

The input circuits of the amplifiers are isolated from ground by 10-ohm 
resistors to eliminate the effects of ground currents. Ground currents 
are exceptionally bad if the heater current flows through the ground 
lead to the oscillator. Type 6J7 tubes are used for the firet amplifier 
stages since they introduce less hum modulation than other pentodes. 
Even less hum modulation is encountered if type 6F5 (metal envelope) 
triodes are used for the first stages. Their relatively high input capaci- 
tance is unimportant because of the low impedance of the crystal detector 
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Fig. 6-41. — Circuit details for cavity comparator. 
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as a video generator. Each 6J7 stage has a voltage gain of 31 which 
can be duplicated by 6F5 tubes. 

Mixing is accomplished by applying the two signals to f)SJ7 pentode 
ampUhers which have a common plate-load resistor. Switching is 
accomplished by direct-coupling the 6SJ7 cathodes to cathode followers 
which are coupled to the multivibrator. The two CRT patterns are 
adjusted for a common baseline by means of a balancing control which 



varies the grid bias for one GSJ7 tube of the mixing circuit. Balancing 
makes the plate currents of the mixing tubes etjual. The mixer outimt 
signal is applied to cathode-coupled push-jjull amplifiers which are 
direct-coupled to the CRT deflection plates. Horizontal deflection is 
achieved in a similar manner, and the (UlT circuit is similar to that 
described for the cavity Q-meter. As in the ca.se of the (^-meter, the 
reflector voltage of the oscillator effects horizontal positioning. The 
complete equipment is shown in h'ig. (> 42 with microwave components 
for the frequency range from 23,500 to 24,500 Mc/.sec. 

For frequency or Q comparison the test gain control of Figs. 6-40 and 
6-41 is adjusted so that the patterns have nearly equal amplitude. 
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For relative transmission-loss comparison, gains A and B (screwdriver 
adjustments) are set so that the two channels provide equal deflections 
under similar conditions. That is, the two gain controls are set so that 
the reference cavity produces equal deflections when inserted in either 
channel. When the test cavity is in place and the push-button switch 
is depressed, the relative amplitudes indicate relative power losses since 
the crystal is very nearly a square-law detector. 

When two similar cavities are adjusted to resonate at the same fre- 
quency, a misalignment of 1 per cent of the bandwidth may be detected. 
Consequently, the accuracy of the technique is 

A/o _ 1 

7o 100Q7 

which is the same as for the cavity Q-meter. That is, two cavities may 
be tuned to the same frecjuency as accurately as the resonant frequency 
of one can be measured. 



CHAPTER 7 


THE MEASUREMENT OF FREQUENCY SPECTRUM 
AND PULSE SHAPE 

By George N. Kamm 

The wide use of pulses in the applications of microwavi's denuinds new 
techniques for the measurement of the characteristics of the pulses. 
Three instruments are available for these purposes: the spectrum ana- 
lyzer, the r-f envelope viewer, and the r-f oscilloscope. 

The spectnim analyzer is a device for the analysis of spectra of pulsed 
oscillators. It presents visually on a cathode-ray-tubc screen the dis- 
tribution in frequency of the r-f power of the pulse. A spectrum analyzer 
is an electronic instrument that incorporates a harrow-band super- 
heterodyne receiver. The receiver is electronically tuned in freciuency by 
applying a linear modulating voltage to the local oscillator. The same 
sa\Hooth voltage is applied to the horizontal deflecting plates of a 
cathode-ray tube. The output signal of the receiver is applied to the 
vertical-deflecting plates to produce a plot on the tube, which indicates 
power vertically and frequency horizontally. 

Although originally designed specifically for spectnim analysis, the 
analyzer has proved to be a highly versatile r-f measuring instrument and 
has found wide use as such at the Radiation Laboratory and elsewhere. 
As a sensitive r-f detector, it may be used to align and check the operation 
of radar sets and to measure frequency and freciuency differences, stand- 
ing waves, and attenuation. This principle of an electronically tuned 
receiver has been incorporated into several special types of test 
equipment. 

An r-f envelope viewer presents on a cathode-ray-tubo screen the 
shape of the envelope of the radio-fre(iuency pulse. The r-f envelope 
shows directly the amplitude modulation of the pulse, its time of rise, 
its time of fall, and any slope or oscillation on the top of the pulse, but 
it does not indicate anything about the frequency modulation during 
the pulse. 

R-f oscilloscopes attempt to show the waveform of the microwave 
signal directly. They represent obvious extensions of the techniques 
so commonly employed in the low-frequency region. These extensions 
are difficult and relatively little effort has been spent in their develop- 
ment. 
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THE PRINCIPLES AND DESIGN OF SPECTRUM ANALYZERS 

7-1, Formation of the Spectrum. — The spectrum analyzer is intended 
for use with pulsed r-f oscillators used in radar sets. The pulses of these 
oscillators are very short, ranging from 0.1 /isec to several microseconds 
in length, and there is a relatively long time between pulses, ranging 
from 500 to 2500 /xsec. The i-f amplifier of the spectrum-analyzer 
receiver is narrow compared to the spectrum width but is still sufficiently 
broad so that the transient generated by a pulse has decayed entirely 
before the next pulse occurs. 

Therefore, although the pulse is 
repeated, the response of the ana- 
lyzer to each pulse is the same as 
if it were a single nonrepeated 
pulse. 

The method of Fourier analysis 
shows that a single nonrepeated 
voltage transient may be ex- 
pressed as the summation of the 
voltages of sine and cosine waves 
with incremental frccpiency differ- 
ences over all frecpiencies from 
zero to infinity. Hie amplitude 
of these voltages as a function of 
frecpiency is the frecjuency func- 
tion. The scpiare of the absolute 
value of the frecpiency function is the power spectrum which is seen on 
the analyzer screen. 

A receiver that has a sufficiently wide bandwidth to include the total 
range of the frecpiency function and has a linear phase response would 
reproduc’e the original form of the pulse except for a time delay. The 
s|MKdrum-analyzer i-f bandwidth, however, is made very narrow and 
does not respond fo the entire frecpiency function but only to a very 
narrow section of it, a section sufficiently narrow to represent, for prac- 
tical purposes, the value of the frecpiency function at a single frequency. 
This narrow band of frecpiencies is likewise the equivalent of an r-f 
pulse, Vnit one much longer in duration and lower in voltage than the 
original pulse. This longer pulse, rectified by a square-law detector, 
gives a transient pulse on the cathode-ray-tube screen proportional 
to the power spectrum at the frequency for which the receiver is tuned. 
1^0 produce the complete spectrum the analyzer is slowly swept in fre- 
cpiency, while the horizontal deflection is varied in synchronism. A 
succession of transients appears on the screen, which resemble a picket 



Fig. 7*1. — Spectrum of a l-^sec rectan- 
gular r-f pulse as seen on a TS-148/UP 
spectrum analyzer. 
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fence, and the envelope of the transients is proportional to the power 
spectrum. For small ranges of frequency the horizontal deflection is 
accurately proportional to frequency. Figure 7*1 is a photograph of the 
spectrum, as seen on a TS-148/UP spectmm analyzer, of a l-/isec rec- 
tangular pulse having negligible frequency modulation. Although 
in the photograph the individual transients composing the spectrum can- 
not be clearly seen, examination of the edges of the spectrum will show 
that it is composed of such transients. 

The reception of c-w signals by the spectrum analyzer is very easily 
explained. If the analyzer sweeps through the c-w signal slowly, the 


R-f signal 



Fig. 7-2. — Basic circuit for a spectrum analyzer. 


transient appearing on the screen will be just a plot of the pass band of the 
receiver. If the sweep is rapid, the transient may not reach its full 
amplitude and the amplitude becomes a function of the sweep rate. 
When seen in conjuction with pulsed spectra, a c-w signal can usually 
be identified by observing that there is a break in the baseline; for the 
pulse transients, which are faster, no such break is seen. 

A block diagram of the basic circuit of a simple spectrum analyzer 
is shown in Fig. 7*2. The sawtdoth generator at the upper right supplies 
the horizontal-sweep voltage of the cathode-ray-tube indicator. This 
voltage is also applied through a potentiometer to the reflector of the 
reflex local-oscillator tube, thus frequency-modulating the tube in accord- 
ance with the sawtooth waveform. The local-oscillator power is supplied 
to the crystal mixer (upper left) where it is combined with the incoming 
signal. If the frequency difference between the local-oscillator and signal 
frequencies is equal to the i-f frequency, a difference signal is produced 
which is proportional to the r-f signal and which is amplified by the i-f 
amplifier. The bandwidth of the i-f amplifier is purposely made much 
more narrow than that of a conventional radar receiver in order to achieve 
good resolution of the spectrum. The i-f amplifier may amplify at a 
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single frequency as in the TSS-4SE spectrum analyzer or it may use two 
intermediate frequencies, that is, it may have a second mixer to convert 
the signal to a still lower frequency. The TS-148/UP and the TSK-3RL 
spectrum analyzers are of this type. 

Following the i-f amplifier and usually incorporated in the i-f-amplifier 
unit is the detector. The detector is usually operated at a small signal 
level so that its output voltage will be approximately square-law; how- 
ever, the square-law characteristic cannot be relied upon for accurate 
measurements of the spectrum, and some method of calibration should 
be used. A video amplifier follows the detector to amplify the output 
voltage of the detector to a level suitable for the cathode-ray tube. 

This is the basic circuit for a spectrum analyzer and shows the ele- 
ments which cannot be omitted. However, more elements can be, and 
usually are, added to make the analyzer more useful, easier to operate, 
or to adapt it to a particular application. The modifications are some- 
times so many and so great that it is difficult to recognize the basic 
spectnim analyzer. The section on applications of spectrum analyzers 
and the description of particular models of analyzers will illustrate the 
multitudinous additions and adaptations which are possible. 

7*2. General Theory of Operation. — To illustrate the quantitative 
relations in the formation of the spectrum, the frequency functions 
representing two simple transients will be considered. The first transient 
is a rectangular r-f voltage pulse of length r, symmetrically located with 
respect to the axis t = 0. For the duration of the pulse, the voltage is 
defined as/(0 = .1 cos coo/. Fourier’s integral theorem for a nonperiodic 
transient states that 

f{l) = j a(w)f'“‘ r/w, 

and " (1) 

a(<o) = 2 “/ fit. 

For a symmetrical transient this simi)lities to the form 
m = 2 /; u(co) cos 0 )t f/co, 

and (2) 

a(co) == W /(/) ^*us co/ rf/, 

^ yo 

where a(co) is the frequency function. 

For the re(*tangular r-f pulse just mentioned, a(co) has the form 
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and if 1 /t, 


a((jj) = 


sin (u)o ^ 2 

(0,0 - co) ^ 


The power spectrum ta(w)|- is given by 


^ ^ sin^ (cuo — oj) 2 

laMl- = -2- 

(CJO — w)*' 


(3) 


(4) 


The form of this function is shown in the graph, Fig. 7-3, of sin irx/irx, 
where x = (/o — /)t. It may be noted that the first zero of the fre<iuency 
function is at x = 1, or l(/o - /)1 = 1/r, and the difference in fre(}uency 




0 ) 

Fio. 7*3. — Graphs of sin ttxIvx, sin* irx/(irx)*. 

between the first two zeros is 2/r. Also plotted in Fig. 7-3 is the function 
|a(ci>)|*, or sin^ tx/(tx)^, which gives the power spectrum. The similarity 
of this figiire to the spectrum photograph, Fig. 71, should be noted. A 
pulse 1 /isec long will have 2 Mc/sec between the first zeros of the spec- 
trum and a pulse i Msec long will have 8 Mc/sec. 
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The second r-f transient to be considered is the pulse with an error- 
function amplitude modulation. This waveform is unique in that f(t) 
and a(ci}) have the same form. The function /(^) is given by the expression 

J(t) = cos (5) 

The frequency function has the form 


a(a,) = r 

^ yo 




cos 03^1 COS 0)1 dty 


and, assuming that coj » 1/A:, 

a{oCi) = 7 ^ V V 2k J , 

Aky/ic 


(0) 


The usefulness of the expression for a(co) in h]q. (0) is that it approxi- 
mates the admittance function of the i-f amplifier. Many single-tuned 
stages, each tuned to the same freciuency, have a pass band that approxi- 
mates this admittance function as a limit, as the number of stages 
increases indefinitely. The freciuency function representing the r-f 
transient at the output terminals of the i-f amplifier is the product 
of the admittance function and the frequency function of the r-f pulse. 
Since the i-f bandwidth is sufficiently narrow that a(a;) for the r-f pulse 
is essentially constant over that bandwidth, the expression a(co), derived 
for the error-function pulse, is the form of the frequency function of the 
r-f transient of the i-f amplifier. The admittance function of the i-f 
amplifier is 



corresponding to a transient 

/(/) = 4A: \/^ cos 03^1. 


If the receiver is tuned to a freciuency co in the region of the spectrum 
of the rectangular pulse, the frequency function at the output terminals 
of the i-f amplifier is given by 


4 sin (ojo — Wq) ^ 


(wo — wj) 


and the corresponding transient is 


, sin (ojo — wi) H 

/(/) = c-^*‘>*cosco^. 

(0.0 -0,0)^ 


( 7 ) 
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The bandwidth of an amplifier is usually defined as the difference in 
frequencies for which the voltage amplitude is l/\/2 times the maximum 
amplitude. This definition applied to the admittance function gives for 
the bandwidth the expression 

3 Vx 


This is not exact but is in error by only 0.3 per cent. If /(/) in Eq. (7) 
is expressed in terms of i-f amplifier bandwidth, and if the frequency to 
which the analyzer is tuned is denoted by co in place of coj, the result is 


/(O = — C V 2 V cos cot. 

(wo “ ^ 


Detected by a square-law detector, the transient applied to the oscil- 
loscope screen is 


"^2 . pA/yJ V 

f(t) = , -r,- <■ V V2 / • 

(oJO — 0?)“ - 


(8) 


The envelope of the peaks of the transients has the form 


m = 


4 


sin2 (coo — ^ 

(cOo — co)" J 


w'hich is proportional to the power spectrum of the rectangular pulse 
given in Eq. (4). 

Besides showing analytically that the enveloix? of the transients 
appearing on an analyzer screen actually gives the power spectnim, the 
expression for f{t) just developed shows the loss of sensitivity of the 
analyzer caused by its narrow bandwidth. If the i-f amplifier had 
infinite bandwidth and no phase distortion, it would reproduce the 
original pulse exactly with an amplitude a proportional to A. With the 
same gain but a narrow^ bandwidth the transient amplitude is given by 
3arA//2, when the analyzer is tuned to the center of the si>cctrum. The 
loss of sensitivity in voltage is 



(9) 


and the loss of sensitivity in powder is 




9r^Af 

4 


( 10 ) 
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A spectrum analyzer having a bandwidth of 50 kc/sec, when viewing 
an r-f pulse of ^-jusec length, would experience a reduction of sensitivity^ 
by a factor 1.4 X 10~® in power or 28 db. In the discussion it was 
assumed that the admittance function of the i-f amplifier had a phase 
function equal to zero. This amounts to neglecting the time delay 



I'Ki. 7-4. Tlio .spectra of a rectangular r-f pulse and a c-w signal 30 Mc/sec 

higher in fre<4UC‘ncy a.s they would appear on the .si>ectruin-analyzer screen. The inter- 
inediato fre(iuency Ls 45 Mc/scc. 

between the occurrence of the original pulse and the response of the i-f 
amplifier, an easily justifiable procedure. 

Although the foregoing calculations do not assume that a super- 
heterotlyne receiver was used, the method applies equally well to that 
case and gives the same result, except that a superheterodyne receiver 
responds to more than one fretiuency. Both frequencies, Jlo + /if 
and JjA) — /if (where Jia) is the locaboscillator frequency and /f the 
resonant frequency of the i-f amplifier) may beat with fw to produce 
/if, which is amplified. The resultant spectrum is plotted not againvst 
the resonant freciuencies of the receiver but against the local-oscillator 
fr(»qucncy, which differs from them by the i-f frequency. Figure 7-4 
shows the relation of the image spectra to the true spectrum frequency. 
The sweep range of the analyzer is limited and it is impossible to see the 
whole pattern at once, but i)y tuning the local oscillator any section of 
it can be seen. Such a typical section is shown by the dashed circle. 

It should be noted that a superheterodyne receiver is sensitive to 
more than the two image frequencies shown in Fig. 7*4. For example, 
the fre(iuencies//.o ± /,//2 are amplified as well as the frequencies/Lo± fn, 

^ I'lie ofToot on the speetruin amplitude of changing the pulse length is illustrated 
by the .spectra shown in Fig. 7-29. The pulse lengths are 0.5, 0.99, and 2.0 ^sec; the 
attenuations neeesstiry to equalize the amplitudes of the spectra closely approximate 
0, 6, and 12 db as would be expected from Kq. (10). 
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If the signal is strong, the difference frequency /if/2 is produced and is 
multiplied by the mixer crystal to produce /f which then is amplified. 
Similarly the analyzer will respond to fw ± /if/n to produce nth-order 
images. Although those higher-order images are of much lower ampli- 
tude than the first-order images they may be observed when a c-w signal 
of large amplitude is present, and frequently cause considerable confusion. 
Figure 7-5 is a graph of higher-order images as observed on a TSX-4Shj 



Frequency 

Fia. 7-5. — High-order images in the TSX-4SE six'ctrum analyzer. 

spectmm analyzer. Frequency is plotted horizontally, /o being the 
frequency of the c-w signal. The images are spaced symmetrically 
about /o. Plotted vertically is the number of decibels by which the c-w 
power must be increased for the nth-order image to give the same deflec- 
tion as the first-order image. 

7-3, Determination of Sweep Frequency, Intermediate Frequency, 
I-f Bandwidth, and Video Bandwidth. — Although the components of a 
spectrum analyzer and their functions have been discussed, nothing 
has been said about the design of the components to adapt the analyzer 
for a particular application. Although a single spectrum analyzer is 
frequently used to perform a large number of functions, the analyzer will 
be a more useful tool if it is designed to meet specific applications. If a 
pulse signal is u.sed for radio transmission, the energy of the pulse should 
be confined to the narrowest possible band of frecpiencies in order to 
avoid loss of signal at the receiver. The spectrum analyzer provides 
the most direct and the simplest way of determining the frequency dis- 
tribution of power in the r-f pulse. The manner in which the r-f pulse 
source dictates the design of the spectrum analyzer will now be described. 

The local oscillator should be tunable throughout the frequency 
range of the r-f signals to be observed and the range of the frequency 
sweep should cover the principal region of the spectrum; for the rec- 
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tangular pulse at least three or four zeros should be visible on either side 
of the center lobe (see Fig. 7*1). 

The spectrum as seen on the screen of the cathode-ray tube consists 
of a pattern of vertical transients, the envelope of which corresponds to 
the power spectrum of the pulse. Since each transient is produced by a 
single r-f pulse, the period of the transients is the repetition period of 
the r-f pulses. The separation of the transient pulses on the screen is 
determined by the sweep length in centimeters, the sweep frequency of the 
receiver, and the repetition frequency of the r-f pulses. If these quanti- 
ties are designated as 6,/„ and/r, respectively, the separation of the pulses 
in centimeters is hJJJr, assuming that the voltage applied to the horizontal 
deflecting plates is a linear sawtooth waveform. The number of pulses 
in a single sweep is Jr / /«. 

To achieve adeciuate detail in the spectrum it is desirable that the 
number of transients in the region between the third minima of the 
spectrum be 50 or more (see Fig. 7-4). If this region covers the CRT 
screen, a sweep frequency of 10 cps is required for a pulse repetition 
frecpiency of 500 per sec, slow enough for the eye to see the spot of light 
moving across the screen. On the other hand, if the pulse repetition 
frequency were 1000 cps, an ecpiivalent resolution would be achieved 
with a sweep freciuency of 20 cps which would result in a barely detectable 
flicker. It might V)c argued that the number of transients appearing 
on the screen per unit time is independent of sweep frecpiency, hence 
the appearance of the spectrum should likewise be independent of repeti- 
tion frequency. Actually when the sweep frequency is low enough in 
relation to the decay times of the CRT screen and the eye for a flicker 
to be observed, the eye sees a single sweep as a unit. The spectrum will 
appear more empty as the sweep fre(|uency is increased. Of course the 
situation is changed when a screen having long jx'rsistence (such as a 
P7 screen) is used in place of the more usual PI screen. The sweep 
frequency can then be varied over a much wider range without affecting 
the detail of the spectrum. In fact some very pretty spectra may be 
observed on a long-persistence screen. Such a screen, however, is a 
disadvantage when there is a frequency drift of the si)ectrum analyzer 
or of the pulse source or when it is desirable to change the tuning 
rapidly. 

It is thus evident that the choice of sweep frequency is governed by 
the pulse repetition frequency and the type of cathode-ray-tube screen 
used. To make maximum use of the detail afforded by the spectrum 
analyzer, the spectrum should be expanded until only the main lobe 
and the first few minima are seen on the screen at one time. Since a 
particular reflector voltage, and thus a particular position on the screen, 
corresponds to a unique frequency, the form of the spectnim will be 
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independent of the exact waveform of the sweep voltage. There are two 
reasons for making the horizontal sweep a linear sawtooth waveform. 
First, any other choice would make the spacing of the transients vary 
across the screen and, second, a fast return trace is necessary since 
thermal effects in the oscillator would otherwise cause a slightly displaced 

spectrum to appear on the return 


*.w Ideal spectrum 9|.>vwuuiii trace 
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t 0 1* * — i — tition rate of the r-f pulse signal, 

I -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 • i i .i i • r • r 

& Similarly, the proper choice of i-f 

J “in frequency and i-f bandwidth is 

ll.Or dictated by the pulse length. 

/ j. \ The lowest repetition rate of the 

/ / \ ^^f^O.25 pulse signal determines an upper 

0 V ^ limit for the sweep fretpiency. 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 Likewise, the longest pulse length 

to be used determines the maxi- 

IQ mum value of the bandwidth of 

// \ the i-f amplifier in order that the 

// \ TA/aO.SO spectrum as seen on the analyzer 

// screen be a true reproduction of 

I -2.0^5 ^-0.5 0 0.5 Trm'.0 the power spectrum. The short- 

est pulse length, on the other 
s ^ hand, determines the minimum 

^ (<0 intermediate freciuency which 

// \ , , ,, may be used in order to avoid 

y/ \ 

appreciable overlapping of the 

0 t=^ ^ image spectra. 

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 + i r i 

ror a rectangular r-f pulse the 

* width of the spectnim is increased 

Fio. 7-6. — The effect of .spentrum-analyzer as the pulsc length is decreased, 
bandwidth on the shape of the siiectrum of a rp.i r 

rectangular r-f pulsed it ap.Jeare on the The frCtlUCUCy difference lietween 
analyzer screen. The pulse Icnsfth is t sec, first minima is equal to 2/r, where 
the Undwidth of the i-f ampliher ia A/ op«. ^ seconds. 

Thus, for a l-/isec pulse the frequency difference between minima is 2 
Mc/sec, while for a 5-/isec pulse, it is 0.4 Mc/sec. To achieve adetpiatc 
resolution of the spectrum, the bandwidth of the i-f amplifier must be nar- 
row compared to 2/t. In Sec. 7*2 it was assumed that the i-f bandwidth 
A/ was infinitely narrow compared to 2/t; in practice, however, if 


Calculated spectrum 
\ (a) 


Pass band of 
i-f amplifier J 


ta/=o.125 


rZi/,0.25 


-1.5 -1.0 -0.5 0 
f-fn 


r A/a 0.50 


-2.0 -1.5 -1.0 -0.5 


TA/al.O 


-2.0 -1.5 -1.0 


Fio. 7-6. — The effect of spectrum-analyzer 
bandwidth on the shape of the siHJctruin of a 
rectangular r-f pulse as it api>ears on the 
analyzer screen. The pulse length is t sec, 
the bandwidth of the i-f amplifier is A/ cps. 


tA/ is made 0.1 or less, it is not possible to detect the difference between 
the form of the spectrum and that of the spectrum function. The graphs 
in Fig. 7-6 show the effect of changing tA/. It will be noticed that the 



Sec. 7 - 3 ] INTERMEDIATE FREQUENCY AND BANDWIDTH 419 

spectrum does not become worse rapidly and that the first effect to be seen 
is that the minima are no longer zero. 

The achievement of adequate separation of the image spectra places 
a lower limit on the intermediate frequency which may be used. For a 
rectangular pulse, Fig. 7-3, the power in the fourth side lobe of the 
spectrum is about one-third of one per cent of the power at the spectrum 
center. Therefore, no appreciable overlapping of the spectra will occur 
if side lobes beyond the third overlap the third and lower side lobes of the 
other image. This condition requires the intermediate frequency to be 
equal to or greater than 4/t, twice the separation of the first minima. 
Figure 7-7 shows the appearance of the images in this case. 



I'Ki. 7-7. Appoariiiice of the spectrum of a rectangular r-f pulse when the intermediate 
frcciuoncy of tlie analyzer is twice the separation of the first minima. 


Since the pulse length determines the limits for the i-f bandwidth 
and the intermediate fretiuency, it is clear that the range of pulse lengths 
which must be accommodated will determine jointly maximum i-f 
band and minimum intermediate fretiuency. If the range of pulse 
lengths to be used is large, complications may arise in the design of the 
i-f amplifier. To consider a particular case, let the range of pulse lengths 
be from 5 to ^ This reciiiires an i-f l)andwidth of 20 kc/sec or less 

and an intermediate frequency of 8 Mc/sec. It would be difficult to 
build an i-f amplifier at 8 Mc/sec with such a narrow bandAndth but 
the problem could be solved by using a double intermediate frequency; 
that is, amplifying at 8 Mc/sec, then converting to a still lower frequency 
where the narrow bandwidth could be achieved. Two of the spectrum 
analyzers to be described later use an i-f amplifier of this type. 

It should be made clear that it is the i-f bandwidth and not the band- 
width of the video amplifier which determines the resolution of the 
spectrum. All of the spectrum resolution has been accomplished by 
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the time the signal reaches the detector. The video amplifier should 
amplify the transient signal without excessive loss in amplitude because 
of its bandwidth. Other than this, the characteristics of the video 
amplifier are of relatively little importance, since the exact form of the 
transient is never observed. 

7*4. Determination of the Sensitivity and I-f Gain Required for a 
Given Application. — A spectrum analyzer is usually designed for use in a 
wide variety of applications requiring different sensitivities. Conse- 
quently, the sensitivity is made variable by means of r-f attenuators and 
an i-f gain control. The maximum sensitivity is, of course, dictated by 
the application requiring the greatest sensitivity. 

The spectrum analyzer, like all other receivers, has a limit imposed 
upon its sensitivity by noise. For the design of spectrum analyzers 
for any given application, it is necessary to know the value of this limit. 
Since the analyzer is seldom used at very high sensitivity the mixer and 
input stages need not usually be designed as carefully as those for radar 
receivers. 

A signal equal in power to noise produced in the receiver will have a 
power 

S = NF, 

where N is the noi.se power of an ideal receiver and F is the noise figure 
of the actual receiver. N is calculated from 

N = kTAf, 

where 

k = Boltzmann^s constant, 1.37 X 10““^ joule/® Kelvin 

T = Temperature in degrees Kelvin 

A/ = Noise bandwidth of the receiver. 

If r = 293®K (20®C), and A/ = 100 kc/sec, N = 4.03 X lO"'* watt or 
— 154 dbw. A typical analyzer receiver may have a noise figure of 20 db, 
or 10 logio F = 20. A signal equal to noi.se then w ould have a power of 
— 154 dbw +20 dbw' = —134 flbw', or expre.s.sed as decibels below one 
milliwatt, —104 dbm. If it is required, for example, that the fluctua- 
tions caused by noise be 3 per cent or less in power, and it is assumed 
arbitrarily that the peak power of noi.se is 4 times the rms value, the ratio 
of necessary signal power to noise power is 4 to 0.03, or 21 db. The r-f 
sensitivity of the analyzer should l)e made not greater than —83 dbm. 

In viewing spectra of magnetrons, high sensitivity is not required 
since more than enough power is available. The problem in this ca.se 
is that of introducing enough attenuation between the magnetron and 
the mixer crystal to ensure linear mixing, which requires that the signal 
power be small relative to the local-oscillator power. An initial attenua- 
tion of 20 or 30 db is usually achieved by a directional coupler which 
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extracts a small part of the power incident upon it from the magnetron. 
Thereafter, resistive or cutoff attenuators in the analyzer reduce the 
power to the required level. 

To illustrate the determination of the required i-f sensitivity for a 
pulsed r-f signal, consider the case of a low-power oscillator, with a peak 
power of 10 mw, producing a rectangular pulse of 1 /x sec duration 
with no frequency modulation. The spectrum analyzer has a bandwidth 
of 50 kc/sec. If the output power of this oscillator is attenuated by 20 db 
before reaching the crystal mixer in the analyzer, this peak signal power 
of 0.1 mw meets the requirements of being small compared with the 
local-oscillator power which is usually about 1 mw. 

The gain of the crystal is defined as the ratio of available i-f power from 
the crystal mixer to the available r-f power. The gain differs with the 
type of crystal and with the individual crystal but may be taken to be 
about 0.25. 

Assuming that the form of the pulse is not modified by transmission 
through the r-f section and the crystal, there will apjx^ar at the input 
terminals of the i-f amplifier an i-f pulse with a peak power of 25 /xw. 
The crystal impedance may be about 400 ohms, in which case the peak 
voltage will be 0.1 volt. However, the i-f amplifier must have a sensi- 
tivity considerably greater than 0.1 volt because of the loss in signal 
amplitude by transmission through the narrow-band filter. 

In Sec. 7*2, an expression was developed for the peak voltage ampli- 
tude of the r-f transient at the output terminal of the i-f amplifier relative 
to the peak voltage, if the video amplifier has a wide response, and the 
receiver is tuned to the center freipiency of the initial r-f pulse. This 
expression is , 

a = ^tA/. 

Substituting in this formula an i-f bandwidth of 50 kc/sec and a pulse 
duration of 1 /xsec, a = 7.5 X 10“- is obtained. The i-f amplifier must, 
therefore, be designed to have a sensitivity at least as great as 7.5 mv. 

Another use to which the spectnim analyzer is frecjnently put is the 
detection of leakage signals from a c-w local oscillator, so that the fre- 
(luency and operation of the oscillator may be judged \Nithout removing 
the oscillator from the circuit in which it is being used. The sensitivity 
required of the analyzer is about —70 dbm or 10“*® watt. Assuming, 
as before, a gain of 0.25 for the crystal mixer and a resistance of 400 ohms, 
the i-f voltage sensitivity must be 10“^ volt, or 0.1 mv. For reception 
of c-w signals the output indication is indej^endent of the i-f bandwidth; 
in fact, as will be seen in the next section, it would be desirable from 
considerations of stability to make the i-f bandwidth large. 

A spectnim analyzer should have a maximum sensiti\ity dictated by 
the application which re(|uires greatest sensitivity, w^hereas for other 
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uses, the sensitivity must be decreased either by reducing the i-f gain or 
introducing r-f attenuation. The i-f gain, however, must not be reduced 
so far that the peak r-f powder will produce nonlinear distortion in the 
mixer crystal. If a large amount of r-f attenuation is to be used, care 
must be taken to minimize leakage. If this is not done, the leakage 
signal may obscure the input signal; similarly if attenuation measurements 
are to be made, leakage will cause completely erroneous results. 

To illustrate the design for two applications, assume that a spectrum 
analyzer is to be used to detect c-w leakage signals requiring a c-w' sensi- 
tivity of —70 dbm and also for viewing pulses from a 5-kw r-f source 
through a 20-db directional coupler. The pulse duration is 1 /xsec and 
the spectrum-analyzer i-f bandwidth is 50 kc/sec. A possible solution 
of this problem is to use an i-f gain control w hich will vary the c-w' voltage 
sensitivity of the i-f amplifier from 10“^ volt for c-w' measurements to 
7.5 X 10“* volt for pulse measurements. Zero r-f attenuation would 
be used for c-w measurements; how^ever, an attenuation of 57 db would 
be needed to reduce the 50-w'att peaks from the directional coupler to 
the 10“^ w^att necessary to avoid distortion in the mixer. Ifithe analyzer 
is to be used at intermediate sensitivities, both the i-f gain and r-f attenua- 
tor must be variable, since the i-f gain control alone cannot cover 57 db. 
If desired, a step r-f attenuator might be used. 

7*6, Stability Considerations in the Design of a Spectrum Analyzer. — 
There is no theoretical reason why a spectrum analyzer cannot be built 
Avith a bandwidth of 2 kc/sec for the analysis of 50-/isec pulses, assuming 
that such pulses can be obtained without having the freciuency modula- 
tion completely obscure the pattern. However, in practice considerable 
difficulty is encountered because of the instability of the frequency- 
modulated local oscillator. Reflex oscillators of the type used in spec- 
trum analyzers at microwave frequencies sweep over tens of megacycles 
per second and have reflector sensitivities of several megacycles per second 
per volt. Ripple voltage from the power supplies, heater-voltage 
changes, thermal-drift effects, and microphonics all contribute to distort 
the spectrum badly, or to cause it to drift rapidly off the screen Thus, 
unless a special stabilized local oscillator is used, such an analyzer is not 
practical. 

If a spectrum analyzer is to be used for long pulses, supply voltages 
must be carefully regulated. For example, assume a reflector sensitivity 
of 3 Mc/sec per volt and a 2-/isec pulse. The spectrum will not be badly 
distorted if the frequency modulation of the local oscillator is limited to 4 
per cent of the frequency difference betw^een the first minima of the 
spectrum. The frequency modulation must be limited to 40 kc/sec, 
or the reflector modulation to 0,013 volt, which would result from a sine- 
wave modulating voltage of 4.6 mv rms. The stability of cavity voltage 



Sec. 7-6] 


THE TSK-ZRL SPECTRUM ANALYZER 


423 


is almost as important as reflector voltage. Frequently, heater voltage 
also must be regulated. 

Frequency modulation caused by instability is also important in the 
reception of c-w signals. If the sweep frequency is synchronized with 
the supply frequency and the sweep expanded to give a clear indication 
of the form of the signal, frequency modulation due to the supply fre- 
quency will appear as changes in the width of the signal as the signal is 
moved across the screen by changing the reflector voltage. 

The major importance of frequency modulation when viewing a c-w 
signal lies in the following effect. When the sweep frequency is high the 
amplitude and form of the output transient cease to be independent of the 
sweep speed because of the limiting response time of r-f and video ampli- 
fiers. Since the output transient is a function of the sweep speed (inverse 
square if the sweep speed is very high), its amplitude becomes a function 
of the frequency modulation of the sweep. It is easily observed that the 
amplitude of a c-w signal decreases as the sweep frequency or sweep 
speed expressed in megacycles per second per centimeter on the screen is 
increased beyond a certain point. If frequency modulation is present, 
the'amplitude of the signal will fluctuate violently even though the signal 
strength is far above noise. If the sweep speed is suddenly increased a 
small transient results; if it is suddenly decreased there is a larger tran- 
sient. The effect is of importance when the analyzer is used as a c-w 
detector, as it makes accurate amplitude measurements difficult. The 
effect can be minimized in two ways, by decreasing the sweep speed, or by 
increasing the bandwidth of the i-f amplifier, both of which methods 
lengthen the transient. It is better to increase the bandwidth since the 
requirements for frequency stability are thereby reduced. A spectnim 
analyzer for c-w measurements should have as wide a bandwidth as 
possible. 

REPRESENTATIVE SPECTRUM ANALYZERS 

The general theory of operation of a spectrum analyzer and the forma- 
tion of the spectrum have been discussed in some detail, the functions of 
the components have been explained, and the principles of their design 
have been developed enough to permit the selection of a suitable analyzer 
or the designing of one for a specific need. Representative spectrum 
analyzers will now be described, particularly those which are of late design 
or those to which the reader may have access. 

7*6. The TSK-3RL 1-cm-band Spectrum Analyzer. — The first 
spectrum analyzer to be described is the TSK-3RL (Radiation Laboratory 
designation). This has been chosen not for its availability but because it 
is of recent design and illustrates the application of the principles of 
design developed in Secs. 7*3 to 7*5; in addition, it is the one with which 
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the author has had the closest connection. Only a limited number of 
TSK-3RL analyzers have been produced. 

General Description . — The TSK-3RL is a 1-cm spectmm analyzer 
designed for use with radar equipment in the range 23,500 to 24,500 
Mc/sec. It is intended mainly to serve two specific functions: to analyze 
the spectra of magnetrons ^^ith pulse lengths varying from 1 to 0.1 /nsec, 
and to permit the observation of the c-w signals from radar and beacon 
local oscillators, thus enabling them to be tuned properly. 



Fia. 7-8. -Control panel of T.SK-3RL l-cm ypoctiiim analyztM-. 


The TSK-3RL spectrum analyzer is designed to operate from a power 
supply of 105 to 125 volts, 50 to 1200 cps. The power consumption is 
less than 150 watts. The bandwidth of the i-f amplifier is approximately 
100 kc/sec. The i-f amplifier has two intermediate frequencies, the first 
being 45 Mc/sec and the second, after the second mixer, 0.5 Mc/sec. 
The sensitivity required for a c-w signal to give a 1-in. deflection is 
greater than —06 dbm. Besides spare parts the analyzer is furnished 
with a 1-cm-band pickup horn and a 2-ft length of flexible waveguide to 
aid in picking up the leakage signal from the radar local os(*illator. 

Physical Description . — The spectrum analyzer is built in a standard 
aircraft-rack assembly and has over-all dimensions of lOa in. wide, 8 in. 
high and 17^ in. deep. The weight of the analyzer proper is 31 lb. The 
plywood carrying case has dimensions, 20 in. wide, . 13 in. high, and 2 If in. 
deep. It contains compartments for spare parts and cables. The com- 
bined weight of the analyzer, spare parts, and carrying case is 58 lb. 
Figure 7*8 shows the front control panel of the TSK-3RL analyzer. 
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Components of the TSK-SRL Analyzer , — ^The analyzer is swept in 
frequency by modulating the high-frequency local oscillator. The high- 
frequency local-oscillator tube used in the TSK-3RL is a type 2K60 reflex 
klystron. This tube may be rapidly modulated over an extreme range 
of 100 Mc/sec by applying the modulating voltage to the reflector. 
Tuning of this tube over the band is accomplished by an auxiliary ‘tuning 
triode in the same envelope. The grid voltage of this triode controls the 
plate dissipation, thus expanding the plate element and thereby mechan- 



Flii. 7 \). .Modois of the liK5() oscillator. The upper rurves represent freipiency change; 
the lower rurve« represent relative i)ower. 

ically tuning the oscillator section. The construction of the gun and 
tuner sections of the 2K50 tube is shown in Fig. 2*23. Figure 2*22 is a 
photograph of the 2K50 tube. The 2K50 operates with a cavity voltage 
of 300 volts, a gun-cathode current less tluin 25 ma, and has an output 
power greater than 10 mw at the center of the band. A negative voltage 
change on either reflector or tuner grid has the effect of increasing the 
frequency. There may be more than one mode of oscillation for this 
tul)e. These modes are in general characterized by different output 
powers, different maximum freciuency ranges, and different values of the 
electronic tuning. The mode for which the tube was designed is char- 
acterized by moderate output power and a maximum frequency range. 
The modes of the 2K50 in freciuency and output power are shown in 
Fig. 7-9. 

Referring to the block diagram for T8K-3RL, Fig. 7T0, it will bo 
seen that the modulating voltage for the reflector is derived from the 
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sawtooth generator. The sawtooth generator consists of a thyratron in a 
circuit providing push-pull deflection for the cathode-ray tube. An 
isolating cathode-follower provides sawtooth output voltage to the voltage 
divider and the reflector. 

The local-oscillator output signal and the r-f input signal are com- 
bined in the crystal mixer, and the difference frequency, if it lies in a 
narrow band centered at 45 Mc/sec, is amplified by the i-f amplifier. 
The two image frequencies are fu + 45 Mc/sec and /if — 45 Mc/sec and 



Fio. 711. — Photograph of TSK-3KL r-f circuit. 


are spaced by 90 Mc/sec. The i-f bamlwiilth of 100 kc/sec is achieved 
by the use of the double-frequency i-f amplifier. Since the longest pulse 
length to be observed is 1 /^sec, the condition that rnuuiA/ g ^ developed 
in Sec. 7 3 is satisfied; also since the shortest pulse is 0.1 pisec, the condition 
/if ^ 4/rmin is also satisfied. The exact frequency 45 Mc/sec for fu is 
chosen so that with either 30- or 60-Mc/sec radar receivers a local- 
oscillator signal is found 15 Mc/sec distant from a spectrum image. A 
square-law detector gives an output signal proportional to power of the 
r-f signal. A pair of pentodes with cathode phase inversion serves as the 
video amplifier and gives push-pull vertical deflection which aids con- 
siderably in focusing the spectrum. 

Since the presentation of an r-f pulse is a short transient, to obtain 
sufficient light intensity to see this transient easily an intensifier circuit 
has been incorporated to brighten the trace for the duration of the tran- 
sient. To intensify the trace and at the same time preserve optimum 
focus, an out-of -phase signal is simultaneously applied to the focus 
electrode. 
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The three-position switch on the front panel has the following func- 
tions. In the first position a plot of crystal current (a function of r-f 
power) versus reflector voltage is presented on the screen. The fre- 
quency-meter marker pip appears superimposed on the crystal current 
which greatly facilitates adjusting the analyzer. The second position 
provides normal operation; in the third position the reflector modulation 
voltage is changed and the sweep is expanded by a definite factor (approx- 
imately five). 

A very important part of a spectrum analyzer is the r-f circuit. The 
r-f circuit of TSK-3RL is shown as a photograph in Fig. 7T1 and in block 
diagram form in Fig. 7T2. The r-f circuit is mounted on a removable 
section of the front panel for ease of assembly. The function which the 



Fig. 7’ 12. — Block diagram for the TSK-3IIL r-f circuit. 


r-f circuit performs is the mixing of the incoming r-f signal with the local- 
oscillator signal to produce a beat-frequency signal that can be amplified. 
Because of the wide range of power encountered, the input signal passes 
through two r-f attenuators on its way to the crystal mixer. The first of 
the two attenuators is a switch attenuator, which introduces an attenua- 
tion of 35 db when in the on position. The second is a calii)rated con- 
tinuously variable attenuator with a maximum attenuation of 35 db or 
more. The total maximum attenuation of 70 db with the additional 
attenuation of 20 db in the directional coupler in the radar set would 
reduce a 50-kw peak signal to a 50 -mw peak signal that is sufficiently 
small to preserve linearity in the mixing. The local-OvScillator power 
required is about 1 mw. The output power from the local oscillator, 
however, is many times that value, being 10 mw or more. Local-oscil- 
lator power is introduced into the crystal mixer through a directional 
coupler of 7 db coupling and is adjusted to the prop)er value by the power- 
set attenuator. The directional coupler prevents coupling between the 
local oscillator and the r-f input line, and makes the local oscillator rela- 
tively independent of impedance changes such as those occurring when 
the analyzer is being operated with zero r-f attenuation. 
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The frequency meter is of the reaction type and is connected between 
the directional coupler and the crystal mixer. In this location it can 
cause a dip in either the local-oscillator power or the signal power. The 
dip in the local-oscillator power amounting to perhaps 25 per cent causes 
a transient in the crystal current as the local oscillator sweeps through 
the cavity frequency. This transient when differentiated and introduced 
on the screen along with the spectrum provides a convenient frequency 
marker. The frequency has been zero-set at midband and reads directly 
in megacycles per second on a compound dial. For highest accuracy a 
correction should be applied to the reading. The bandwidth of the 
marker pips is about 3 Mc/sec. For frequency-difference measurements, 
the intermediate frequency may be used as a standard and it is more 
accurate than the frequency meter. Any two corresponding images 
will be separated by twice the intermediate frequency or 90 Mc/sec. 
This frequency difference may be used to calibrate part of the frequency- 
meter dial. To increase the accuracy of measurements of small fre- 
quency differences the sweep-expansion feature was developed. This 
feature permits calibration of the sweep by means of a large frequency 
difference and allows measurements to be made with a sweep expanded by 
a definite multiple of the original length. 

Operating Controls of the TSK-ZRL Analyzer , — Only the controls 
necessary for actual operation appear on the^ front panel. Other preset 
controls are mounted below the chassis. The analyzer is designed in such 
a manner that frequency increases from left to right on the screen and 
clockwise rotation of oscillator-frequency or spectrum-center control 
causes the spectrum to move to the right. Clockwise rotation of the 
frequency-meter dial moves the marker to higher frequency. Clockwise 
rotation of the variable attenuator and the i-f gain control increases the 
sensitivity. However, the off position of the switch attenuator is in 
the counterclockwise direction. 

The front panel controls are the folloAving: (1) oscillator frequency 
(bias on the tuner section of the 2K50), (2) spectnim center (reflector 
voltage), (3) spectmm width (sawtooth amplitude), (4) i-f gain, (5) crystal- 
current — spectrum-normal — spectnim-expanded switch, (6) attenuator 
(variable), (7) +0 db to +35 db (switch attenuator), (8) frequency 
meter, (9) focus and power. The preset controls are vertical-centering, 
horizontal-centering, intensity, 300- volt adjustment, and power-set 
(local-oscillator attenuator). 

7-7. The TS-148/UP 3-cm-band Spectrum Analyzer. — The TS- 

148/UP (Army-Navy designation) was chosen as a representative 3-cm- 
band spectrum analyzer because more of these sets have been produced 
than any other 3-cm-band spectnim analyzer. In addition the TS-148/UP 
is smaller, more compact, and gives a better spectrum than the TSX-4SE 
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(Radiation Laboratory designation), the other 3-cm-band analyzer which 
is in extensive use. The TS-148/UP, however, does not supersede the 
TSX-4SE as the latter has somewhat greater sensitivity, is provided with 
a calibrated cutoff attenuator, and is much better shielded against leak- 
age. The TS-148/UP was designed and produced by Westinghouse 



Fig. 7- 13. — Photograph of front view of TS-148/UP. 

Electric and Mfg. Co. with Radiation Laboratory as advisor. The TSX- 
4SE was designed by Radiation Laboratory and built by Sylvania 
Electric Products Co. 

General Description . — The TS-148/UP spectrum analyzer is designed 
for use with radar and beacon equipments wthin the range of frequencies 
8460 to 9630 Mc/sec. It is intended to permit the observation of pulsed 
or c-w signals in this range and the accurate measurement of their fre- 
quencies. The operation and the method of presentation of the spectrum 
are the same for the TS-148/UP as for the TSK-3RL. The TS-148/UP 
analyzer operates from a power supply of 105 to 125 volts, 50 to 1200 cps; 
the power consumption is 125 watts. The intermediate frequency is 
22.5 Mc/sec and the bandwidth is 50 kc/sec; the i-f amplifier is of the 
double-frequency type, the second intermediate frequency being 3 Mc/sec. 
The sensitivity, which is —60 dbm for a minimum discernible c-w signal, 





waveguide. A front view of the TS-148/UP spectrum analyzer is given 
in Fig. 7*13. The spectrum analyzer proper has over-all dimensions of 
9 by 13 by 14 in. and weighs 38 lb. Together with all spare parts and 
mounted in its carrying case the weight is about 70 lb. The dimensions 
of the carrying case are 25^^^ by 18 by 131 in. 

Components of the TS-14^S/VP Analyzer , — A block diagram of the 
components of TS-148/UP analyzer is sho^\^l in Fig. 7T4, and the circuit 
diagram is given in Fig. 7*15. The analyzer uses a mechanically tuned 
local oscillator, type 2K25, which has some advantage over a thermally 
tuned tube in that the frequency change is instantaneous when the oscil- 
lator-frequency control is turned. A photograph and a diagram of the 
internal construction of the 2K25 will be found in Figs. 211 and 2* 10. 











Fig. 7-15. — Circuit diagram of the TS-148/UP analyzer. 








Sec. 7-71 


THE TS’-U^/UP SPECTRUM ANALYZER 


433 


The oscillator can be frequency-modulated over a range up to 40 or 
50 Mc/sec. The modulating voltage is derived from a sweep generator 
through an amplifier. The amplifier with a phase inverter provides 
push-pull horizontal deflection for the cathode-ray tube. The sweep 
frequency is continuously variable from 10 to 20 cps and can be syn- 
chronized with the line frequency. 

The i-f amplifier operates at a frequency of 22.5 Mc/sec, which was 
chosen so that with t-Atsec pulses the image spectra would be adequately 
separated and so that with either 30- or 60-Mc/sec radar intermediate 
frequencies a local-oscillator image would be 15 Mc/sec distant from a 
spectrum image. The output of the 22. 5-M c/sec amplifier is applied 
to an oscillator-converter stage that mixes the signal with a 19.5 Mc/sec 
locally generated signal to produce a 3-Mc/sec difference frequency. 
The sharply tuned bandpass characteristic of the oscillator-converter 
output-coupling circuit produces the narrow filter characteristic that is 
required. The 50-kc/sec bandwidth allows adequate resolution of pulses 
up to 2-Aisec duration. The i-f output signal is applied to an infinite- 
input-impedance detector wjfiich is in turn directly connected to the 
video amplifier. The advantage gained by direct coupling is that, in the 
presence of large signals, the baseline remains fixed. The high-frequency 
response of the video amplifier is such that the i-f bandwidth is the limit- 
ing factor in the shape of a transient signal. 

A separate high-gain direct-coupled amplifier is employed to amplify 
the crystal-current pattern; thus the crystal-current pattern also has a 
fixed baseline. A double-triode circuit is incorporated to blank the return 
trace and to intensify the transient signals. 

The block diagram, Fig. 7- 14, also shows the r-f circuit, which differs 
from that used in TSK-3RL. The r-f circuit of TS-148/UP is adapted for 
use both as a signal generator and as a spectnim analyzer. The crystal 
mixer does not terminate the r-f line but has local-oscillator power incident 
upon it from one direction and signal power from the other, through a 
variable attenuator with a range of 3 to 70 db. The frequency meter is 
connected between local oscillator and crystal mixer vnth a fixed attenu- 
ator between to prevent reaction on the local oscillator. A frequency- 
meter marker pip is generated in the usual manner and is introduced on 
the screen along with the spectrum. The bandwidth of the frequency 
meter used in TS-148/UP is much narrower than that of the frequency 
meter in TSK-3RL, being less than 0,5 Mc/sec. There is therefore no 
reason for an expanded-sw^ep switch. The frequency meters are indi- 
vidually calibrated and read directly in megacycles per second on a spiral 
dial. 

The front-panel controls of TS-148/UP are similar to those of TSK- 
3RL except for the absence of an i-f-gain control and a switch attenuator. 
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Figure 7*16 is a photograph of the spectrum of i-^isec pulse from a 
TS-13 pulsed-signal generator as seen on the screen of a TS-148/UP 
spectrum analyzer. The sweep frequency has been synchronized with 
the repetition frequency. Tliis photograph is typical of spectrum 
presentation on the TS-148/UP and shows the effectiveness of the intensi- 
fier in making the spectrum as bright as the baseline. The kink in the 
baseline at the center of the spectrum is the frequency-meter marker pip. 
A marker as sharp as this permits rather accurate frequency measure- 
ment. Note that the minima of the spectrum do not go to zero indicating 
frequency modulation on the pulse; also, the asymmetry of the spectrum, 
indicative of amplitude modulation, maybe noted. 



Fig. 7-16. — Spectrum of a ^-/xsec r-f pulse as Fig. 7*17. — Front panel of TSS-4SE. 

seen on a TS-148/UP spectrum analyzer. 


7*8. The TSS-4SE 10-cm-band Spectrum Analyzer. — The 10-cm- 
band spectrum analyzer that has been chosen for description is the 
TSS-4SE (Radiation Laboratory designation). It was selected because 
it is the most recently designed 10-cm-band analyzer and is most likely 
to be available (approximately 200 have been made to date), and also 
because it contains a frequencyTmarker oscillator and double r-f input 
circuit. These features are lacking in the other analyzers discussed. 
The TSS-4SE spectrum analyzer was designed by Radiation Laboratory 
and produced at Sylvania P]lectric Products, Inc. 

General Description , — The TSS-4SE analyzer was designed primarily 
for laboratory use. There was no need therefore for it to be small and 
compact. The TSS-4SE analyzer is mounted in a steel cabinet that has 
the following over-all dimensions: 19^ in. high, 22 in. wide, and 17 in. deep. 
The weight is 105 lb. A photograph of the instrument is given in Fig. 
717. 

The TSS-4SE spectrum analyzer is intended, for observation of the 
spectra of microwave signals in the frequency range 3650 Mc/sec (8.2 cm) 
to2400Mc/sec (12.5cm). The bandwidth of the i-f amplifier is 50 kc/sec, 
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Fig. 7-18. — Circuit of the main chassis, spectrum analyzers TSS-4SE, TSX-4SE, and TSK-2SE. 
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enabling the analyzer to give an accurate presentation of the spectra 
of rectangular pulses up to 2-/isec duration. The intermediate frequency 
is 20 Mc/sec, which is adequate to give good separation of the image 
spectra of pulses as short as 0.2 /isec. The gain of the i-f amplifier is 
125 db and gives adequate sensitivity for all ordinary measurements. 

Besides the frequency-marker circuit, this analyzer differs from others 
in the use of double input terminals, each ^vith a separate attenuator, in 
the addition of a milliammeter to read either crystal-mixer current or 
local-oscillator-tube cathode current, and in the omission of a built-in 



cavity frequency meter. The TSS-48E analyzer has no provision for 
intensification of the spectrum, which makes the photographing of 
spectra rather difficult. 

Figure 7T8 is the circuit diagram of the main chassis of the TSS-4SE 
and Fig. 7*19 is the circuit diagram of the i-f amplifier. These same 
circuits are used in the TSX-4SE analyzers. The TSS-4SE analyzer will 
operate from a power supply of either 115 volts or 230 volts and over a 
frequency range from 50 cps to 1200 cps. 

The Local Oscillator . — The local-oscillator tube used in the TSS-4SE 
analyzer is the 707B reflex klystron. The large frequency range is 
attained by the use of a tunable cavity external to the tube envelope. 
To achieve better shielding this cavity completely encloses the tube and 
the power leads are brought through r-f filters. A range in wavelength 
of about 2 cm can be covered by the micrometer screw which is mounted 
on the front panel. This range may be centered by adjusting the band- 
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setting control at the rear of the cavity assembly. The maximum tuning 
range of the local oscillator is about 40 Mc/sec by reflector tuning. 

The Frequency-marker Oscillator . — ^The TSS-4SE spectrum analyzer 
has no frequency meter for direct frequency measurements and for such 
measurements an e;cternal oscillator, either calibrated in frequency or 
provided with a frequency meter, must be employed. This is one reason 
for the two input terminals to the analyzer. For frequency-difference 


To tuner and spectrum analyzer mixer 



Fig. 7*20. — Circuit of the frequency-marker oscillator used in TSS-4SE. 


measurements, however, the TSS-4SE analyzer has a frequency -marker 
oscillator that produces a series of pips on the oscilloscope screen having 
a frequency separation of 1 Mc/sec. With these, frequency-difference 
measurements on a spectrum can be made with ease. These marker pips 
are produced by a tunable high-frequency oscillator with a range from 
75 to 150 Mc/sec heavily modulated by a second oscillator operating 
at 1 Mc/sec to produce both frequency and amplitude modulation. The 
circuit diagram is shown in Fig. 7*20. The output signal of the modulated 
oscillator is applied to a crystal multiplier (type 1N21A) to produce 
harmonics in the tuning range of the spectrum analyzer. The amplitude 
of the marker pips decays on either side of the center frequency but this is 
desirable, since it avoids confusion produced by the images of the pips. 
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The marker pips can be made to fall in any part of the band by adjusting 
the MARKER-FREQUENCY control, and their amplitude can be controlled 
by the double-stub tuners labeled marker amplitude. The plate voltage 
to the marker oscillator is controlled by a push-button switch. The pips 
may either be used directly for frequency-difference measurement or they 
can be used for calibrating the frequency scale. 



Fig. 7*21. — Block diagram of the TSS-4SE spectrum analyzer including r-f circuit. 


The R-J Circuit . — The block diagram of the complete analyzer, Fig. 
7*21 shows the interconnection of the components of the analyzer that 
have been described and shows the r-f circuit as well. The two coaxial 
input terminals to the spectrum analyzer lead to a waveguide-beyond- 
cutoflf attenuator and from the attenuator to the crystal mixer where 
the two input signals and the harmonics of the marker oscillator are all 
mixed with the signal from the local oscillator, the difference frequencies 
being applied to the i-f amplifier. The mixer crystal and the frequency- 
multiplier crystal, both type 1N21A, are separate crystals. Coaxial lines 
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and flexible coaxial cables are used to interconnect the parts of the r-f cir- 
cuit resulting in a maze of cables in the interior of the cabinet. 

The two cutoff attenuators have dials which read from 0 to 100. 
Beyond the reading 20, the scale is linear in decibels, the attenuation 
being 1 db per division. At the reading 20, the insertion loss of the 
attenuator is about 38 db. In spite of the high minimum attenuation, 
the linear calibration is a convenience, and the analyzer is still suflSciently 
sensitive for all ordinary measurements. 



7'9. The TSX-4SE Spectrum Analyzer. — This 3-cm-band spectrum 
analyzer deserves a brief comment because it has been made in consider- 
able quantities (over 450 have been made to date by Sylvania P]lectric 
Products, Inc.) and because the circuits and i-f amplifier are identical to 
those of the TSS-4SE analyzer. The difference is in the r-f circuit, which 
has one input terminal and no marker oscillator, but has, instead, a 
high-Q frequency meter which may be used to produce frequency-meter 
marker pips in the manner described for the TS-148/UP analyzer. The 
r-f circuit is simply a section of waveguide to which are connected in order 
the coaxial input terminal, the cutoff attenuator, the frequency-modulated 
local oscillator, the crystal mixer, and the frequency meter terminating 
the line. The improved shielding and the linearly calibrated waveguide- 
beyond-cutoff attenuator make the TSX-4SE analyzer superior to the 
TS- 148/UP analyzer for many laboratory measurements. The attenu- 
ator calibration is 1 db per division beyond 15 on the dial. The range 
of the frequency meter and of the analyzer when a 2K25 tube is used as 
a local oscillator is 8500 Mc/sec (3.53 cm) to 9600 Mc/sec (3.13 cm). A 
diagram of the r-f circuit which is mounted on the front panel is given in 
Fig. 7*22. The circuit diagram is given in Figs. 7T8 and 719. 
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7*10. The TSK-2SE Spectrum Analyzer. — The TSK-2SE Spectrum 
analyzer (Radiation Laboratory designation) is of considerable interest 
because of the special principle that it employs. This analyzer has the 
same circuits as TSX-4SE but is adapted to 1-cm-band operation by the 
addition of a special r-f circuit and the substitution of a 40-Mc/sec i-f 
amplifier. The unusual feature of this analyzer is the use of a local 
oscillator at 3-cm band for the reception of signals at 1-cm band. This 
principle allows one to build spectrum analyzers for frequencies for which 
local-oscillator tubes are not available. 

The R-f CircuiL — The local oscillator used is a WE 169618 reflex 
klystron, which has a tuning range of 7690 to 8330 Mc/sec. The output 
power of this tube is applied to a 1N26 crystal in the 1-cm-band wave- 
guide. This crystal performs both the function of a frequency tripler 
and of a 1-cm-band mixer. The effective frequency range of the analyzer 
is then the range of the third harmonic of the local oscillator, or 25,000 to 
23,070 Mc/sec. 

Figure 7*23 is a drawing of the r-f circuit showing the essential parts. 
At the left is the 3-cm-band local oscillator in its shield can. . The oscil- 
lator output voltage is applied to the transformer past the 3-cm-band 
frequency meter, which is tunable over the range 7833 to 8167 Mc/sec, 
but is calibrated in terms of the third harmonic or from 23,500 
to 24,500 ^Ic/sec. This frequency meter is essentially the same as the 
one used in the TSK-3RL, scaled up by a factor of three. At resonance 
the frequency meter behaves as a high impedance in series with the line 
and thus decreases the power being transmitted to the transformer and 
the crystal. The dip in the crystal current is amplified and used as 
a frequency-meter marker in the same manner as in other analyzers. 
Up to this point a large-size 3-cm-band waveguide has been used; how- 
ever, the multiplier and mixer crystal are mounted in the 1-cm-band guide. 
A transformer section of coaxial line is used to introduce the 3-cm-band 
power to the crystal. The input, attenuator is in the 1-cm-band wave- 
guide and is a dissipative -flap attenuator. It is well shielded and has a 
range from 0 to about 30 db. 

The operation of this analyzer, except for tuning procedures, is the 
same as if it were an ordinary 1-cm-band analyzer. The plunger in the 
3-cm-band guide is normally tuned to maximize crystal current, and 
the plunger in the 1-cm-band guide is tuned to maximize the deflection 
caused by the incoming signal. 

In order to use the analyzer with pulses as short as 0. 1 /xsec, the inter- 
mediate frequency must be 40 Mc/sec. The i-f bandwidth is 160 kc/sec, 
limiting its use to pulse lengths less than 1 gsec. The circuit diagram of 
the i-f amplifier is given in Fig. 7-24. 

The TSK-2SE was developed at a time when it was doubtful whether 
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the low-voltage 1-cm-band oscillator (type 2K50) would be available or 
could be used for analyzers. The principle, however, is of interest to 
those desiring an analyzer for measurements in a frequency range for 
which no local oscillator is available. 

7*11. Low-frequency Spectrum Analyzers Using Microwave Oscilla- 
tors. — The TSK-2SE is an example of an analyzer used at a frequency 
higher than the local-oscillator frequency. In a similar manner, a 



spectrum analyzer can be built for use with frequencies lower than the 
local-oscillator frequency by beating the frequency-modulated local 
oscillator with a c-w oscillator to produce a frequency-modulated dif- 
ference signal. This low frequency can serve as the local-oscillator signal 
for the reception of low-frequency signals. The TSS-4SE analyzer has, 
in fact, been used at frequencies of about 1000 Mc/sec without change, 
simply by introducing into one output attenuator a c-w signal of such 
frequency as to produce a beat frequency of about 1000 Mc/sec with the 
local oscillator of the analyzer. There is, of course, a loss of sensitivity 
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in this arrangement and the insertion loss of the input attenuator is 
higher at the lower frequency. 

The /2P-347 Spectrum Analyzer . — A spectrum analyzer using this 
principle has been designed by the General Electric Company Research 
Laboratory on an NDRC contract, and is known as Project RP-347. 
Using two 2K25 3-cm local-oscillator tubes, it can be used for the analysis 
of spectra having a carrier frequency of from 100 to 1500 Mc/sec. By 
frequency-modulating both local oscillators, out-of-phase spectra as 
wide as 70 Mc/sec may be observed. The sensitivity is such that signals 
having greater than 250 yy across a 50-ohm line ( — 89 dbw) may be 
analyzed. 

The operation is as follows: The two local-oscillator signals and the 
incoming low-frequency signal are mixed together in a single crystal. 
If the difference frequency of the two local oscillators differs from the 
signal frequency by the intermediate frequency or 40 Mc/sec, that signal is 
amplified and presented on the cathode-ray-tube screen after the manner 
of the other analyzers. The i-f amplifier operates at two frequencies as 
does that of the TSK-3RL and has a bandwidth of 80 kc/sec, which is 
sufficiently narrow to provide adequate resolution of spectra broader than 
2 Mc/sec. 

The operation of this analyzer is essentially the same as that of any 
other, and this analyzer is sensitive to image frequencies in the same 
manner. If the signal frequency/, = 500 Mc/sec, and if the difference 
frequency |/i — / 2 I is swept about the point /, — 40 Mc/sec, then the 
image frequency that could give an ecpial response at the same position 
on the screen would have a frecpiency /, — 80 Mc/sec. Similarly, higher- 
order images can occur such as/, — 20 Mc/sec, /, — 60 Mc/sec, /, — 13 
Mc/sec, /, — 53 Mc/sec, and so forth, if their amplitude is great enough. 
If the tuning is such that |/i — / 2 I = 40, 20, 13 Mc/sec, and so forth, a 
large signal will be passed through the i-f amplifier. By using the low- 
frequency image, however, ideally, signals down to zero frequency could 
be viewed. 

This analyzer and the one to be described next have been developed 
for observation of the spectra of sources covering a broad region of fre- 
quency such as electrical equipment generating r-f interference or noise. 
Their relative lack of stability and poor resolution precludes their use for 
precise measurements on low-frequency signals. 

The RP-392-K Spectrum Analyzer , — An alternative way of making a 
low-frequency spectrum analyzer using microwave oscillators and micro- 
wave techniques is to amplitude-modulate the output voltage of a micro- 
wave oscillator at a low frequency to produce a microwave sideband, the 
spectnim of which can be analyzed in the same manner as any other 
microwave spectrum. 
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The Research Laboratory of General Electric Company has designed 
a low-frequency spectrum analyzer, type RP-392-K, which uses this 
principle and thus corrects several disadvantages of the RP-347 analyzer. 
The RP-392-K analyzer uses two 1-cm oscillators and covers a range of 
10 to 3000 Mc/sec with a frequency spread variable from 10 to 60 Mc/sec. 
The sensitivity achieved is such that a signal of 100 mv across a 50-ohm 
line ( — 97 dbw-) gives a response twice noise on the cathode-ray-tube 
screen. The design is such that no images or spurious signals occur inside 
a range of 30 db from the desired signal. In spite of its relative compli- 
cation the first model was built in a standard 19-in. panel cabinet 20 in. 
high, a size comparable to the TSS-4SE analyzer. The weight is 135 lb. 

The operation of the analyzer can be understood from the block 
diagram. Fig. 7-25. The first local oscillator which is frequency-modu- 
lated and tunable over the range 24,600 to 21,600 Mc/sec is combined 
with the low-frequency input signal in the first crystal to give an ampli- 
tude-modulated output signal. This local oscillator is a type 1462, the 
developmental version of the 2K5() thermally tuned tube described in 
connection with TSK-3RL. The component of the high-frequency side- 
band, w^hich has a frequency of 24,600 Mc/sec, passes through a frequency 
filter to the mixer or demodulator crystal w hich is supplied with c-w local- 
oscillator power by a second 2K50 oscillator operating at 24,715 Mc/sec. 
This oscillator is automatically stabilized to the frequency of a cavity 
tuned to 24,715 Mc/sec. The difference fre(iuency betw een the c-w^ local 
oscillator at 24,715 Mc/sec and the signal frequency applied to the second 
crystal is amplified by a 115-Mc/sec i-f amplifier, w hich has a bandwidth 
of 200 kc/sec. After amplification the signal is presented as a vertical 
deflection on the 5-in. cathode-ray-tube screen. To the horizontal plates 
is applied a sweep signal proportional to the freciucncy modulating the 
first local oscillator. The crystal-current pattern from the first crystal is 
amplified by a separate amplifier and provision is made for presenting it 
on the oscilloscope screen. It is a considerable aid in tuning the system. 

For measuring the frequency of the first local oscillator and as an aid 
in aligning the system, a tunable cavity frequency meter is provided. A 
frequency-marker pip is presented on the oscilloscope which may be 
calibrated directly in signal frecjuency. The positioning of the cavities 
making up the bandpass filter is such that they behave as coupled circuits 
with critical coupling. For frequencies other than the desired band the 
filter behaves as a short circuit at the first crystal, thus the image 
230 Mc/sec away from the signal frequency is eliminated as well as the 
higher-order images. The positioning of the local-oscillator tubes is such 
that at 24,600 Mc/sec the energy will be directed io the proper channels 
and not be dissipated in the local-oscillator tubes. 

The second local oscillator is stabilized to the resonant frequency of a 
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Fio. 7*26. — Block diagram of the wide-range spectrum analyzer type RP392K. 
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cavity tuned to 24,715 Mc/sec. The stabilization is obtained in the fol- 
lowing manner: The oscillator is frequency-modulated by ± 1 Mc/sec at a 
60-cps rate and the output power passed through the transmission AFC 
cavity to a crystal detector. The output power of the crystal is com- 
pared in phase and amplitude with the original source of 60-cps voltage 
by the phase detector and the d-c bias produced is applied to the reflector 
to correct the frequency. When the oscillator is centered at the resonant 
frequency, no GO-cps signal is produced by the AFC crystals, whereas, on 
one side of resonance a 60-cps signal of one phase is produced and on the 
other side a 60-cps signal of opposite phase. After detection no bias is 
produced at resonance, and off resonance a d-c bias is produced whose sign 
depends on the direction of detuning. 

Instead of a square-law scale as most analyzers have, this analyzer has 
a logarithmic scale which is accurate over a range of 25 db; hence signals 
anywhere in this range appear on the screen. 

An earlier model used a frequency marker which is a very interesting 
device. An open-end coaxial wavemeter was shock-excited by a spark 
gap operating at a repetition frequency of about 10 kc/sec, and produced 
a series of pips on the screen, the envelope of which would be the cavity 
response. In this manner, a marker tunable from 500 to 3,500 Mc/sec 
was produced. 

If this analyzer were built using microwave stabilized oscillators such 
as those described by R. V. Pound in Chap. 2 and if a receiver with higher 
resolution were employed, such a spectrum analyzer might be sufficiently 
stable to be useful for accurate measurement work over the whole range 
of microwave frequencies. 

7*12. Other Instruments Using the Spectrum-analyzer Principle. — An 

instrument that is based on a spectrum analyzer is the TBX-IBR micro- 
wave impedance bridge. The basic part of this instniment is the sym- 
metrical magic T. Simultaneous measurements can be made at three 
widely separated frequencies by using three frequency-modulated source 
oscillators and three c-w local oscillators tuned to the proper frequencies. 
The presentation on the oscilloscope is in the form of three c-w signals, the 
amplitudes of which are a function of the voltage standing-wave ratios. 
The impedance bridge is described in Chap. 9. 

Another instrument that is similar in operation to a spectrum analyzer 
is the cavity-comparator type TFU-IRL, a unit for the comparison 
of resonant frequencies of transmission cavities or freciuency meters. 
The cavity comparator resembles an analyzer in having a frequency- 
modulated oscillator and a presentation on a cathode-ray-tube screen with 
frequency plotted horizontally. It lacks an i-f amplifier, however, and 
has instead a vertical deflection representing the transmission of the 
cavity. On successive sweeps the transmission of first one cavity and 
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then the other is presented giving a double trace with two pips which can 
be accurately superimposed. This instrument is discussed in Sec. 6*30. 

Another instniment that is a true spectrum analyzer but which has 
a unique presentation is the cavity Q-meter intended for measuring cavity 
frequency and the frequency difference between half-power points. The 
presentation is a cavity-transmission curve like that in the cavity com- 
parator with the following modification. It has been mentioned in a 
number of places in this chapter that the intermediate frequency of the 
receiver provides a calibration for frequency-difference measurements 
since two image spectra are separated by twice the intermediate fre- 
quency. In the cavity Q-meter a tunable calibrated low-frequency 
receiver is used as the i-f amplifier and a tunable calibrated microwave 
oscillator is used for the signal source. The receiver output signal is used 
to intensity-modulate the oscilloscope producing two bright spots on the 
screen centered about the c-w signal frequency and with a separation 
twice the intermediate frequency. These spots can be moved to coincide 
with the half-power points of the cavity transmission characteristic 
and the resonant frequency and Q of the cavity are easily determined 
from the intermediate frequency and the frequency of the c-w signal. 
The cavity Q-meter is described in Sec. 6*29. 

7*13. Echo Boxes. — Another method to measure the spectrum of an 
r-f pulse employs an echo box. An echo box is a tunable, high-Q, trans- 
mission cavity with a crystal rectifier and microammeter coupled to it. 
When the echo box is connected by a directional coupler to the pulsed 
oscillator of a radar set, tuning the echo box will give an indication on the 
microammeter of power as a function of frequency. Until rather recently 
echo boxes were not suitable for spectrum analysis because the Q^s of the 
echo boxes available were too low to present spectra in sufficient detail. 
Now, however, echo boxes with band widths of about 100 kc/sec are 
available at both 10-cm and 3-cm bands. In terms of resolution these 
boxes are comparable to electronic spectrum analyzers. The advantage 
of the echo box as a spectrum analyzer for field use is its portability and 
the fact that it requires no power to operate. Since a radar set often 
contains a permanently installed echo box, it is used widely for spectrum 
analysis. 

An echo box for spectrum analysis should be strongly built, should 
possess a smooth driving mechanism, and should have a tuning rate of less 
than 10 Mc/see per dial revolution. The type TS-218A echo box, having 
a tuning range of 8990 to 9170 Mc/sec, is an example of a good echo box 
for this region. For the band 2700 to 2900 Mc/sec the type TS-270 box 
is available and is described in Sec. 5*17 and shown in Fig. 5*43. The 
deflection of the meter of the echo box is proportional to peak power, 
to repetition rate, and to the square of the pulse length. The sensitivity 
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is then expressible in milliwatt-microseconds, a figure of 200 being repre- 
sentative. The meter deflection is approximately linear in power but 
must be calibrated for accurate measurement work. 

It is usually more difficult to interpret a spectrum when using an echo 
box than when using a spectrum analyzer, since it is necessary to plot the 
spectrum from individual observations. With the spectrum analyzer, 
on the other hand, the spectrum may be seen at a glance and a judgment 
made as to whether it is good or poor. Furthermore, an analyzer does not 
require direct connection to the radar set. Most service personnel who 
have both instruments available prefer to use the spectrum analyzer. 
For laboratory use the much greater sensitivity of the analyzer, its 
versatility, and the fact that one analyzer will cover a frequency range 
for which many echo boxes would be needed, all dictate the use of the 
electronic spectrum analyzer. However, for the analysis of extremely 
short pulses, such as the spike in the leakage energy from a TR switch, 
the width of the spectrum may exceed the tuning range of an electronic 
analyzer, and an echo box, or a wavemeter cavity, can be employed. 

MEASUREMENTS WITH THE SPECTRUM ANALYZER 

7*14. Interpretation of Spectra. — A voltage that is a function of 
time may be expressed by Fourier^s integral theorem as a summation of 
frequencies in the form 

F{t) = J do)f 

where 

a(u) = F{t)er’“‘ dt. 

The spectrum function a(w) is in general a complex function of the form 
a(w) = ai{o)) + ja 2 {u )) ; it may also be expressed as an amplitude spectrum 
and a phase spectrum as follows 

\aiu>)\ = [ai(a,)^ + a,(co)^]«, «(«) = tan-‘ 

A spectrum analyzer performs in effect the above integration to obtain 
the amplitude spectrum la(co)|, and gives a plot of la(a))l^, the power 
spectrum. Since a spectrum analyzer responds only to the amplitude 
spectrum of an r-f transient, information as to the phase spectrum is lost 
and the question arises whether the transient F{t) is uniquely determined 
by the amplitude spectrum. Actually, more than one phase function 
can be associated with an amplitude spectrum to produce a real function 
F{t). A simple example is the obvious fact that the amplitude spectrum 
does not depend on the time of occurrence of the pulse. Introducing a 
time delay to amounts to multiplying a(w) by but la(w)l is unchanged 
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since = 1. Another example is the case of a pulse with no fre- 

quency modulation but linear amplitude modulation. The spectrum is 
symmetrical and is unchanged whether the slope of the pulse is positive 
or negative. A third example is the case of a pulse with no amplitude 
modulation but with linear frequency modulation. The spectrum is 
likewise unchanged when the slope of the frequency modulation is 
reversed. Other examples could be mentioned but these will illustrate 
the point. h]ven though the amplitude spectrum does not determine 
the form of the r-f pulse, it gives very useful information and, when 
correlated with other information such as the amplitude modulation 
measured with an r-f envelope viewer or r-f oscilloscope and the charac- 
teristics of the pulsed oscillator, may serve adequately to explain the 
nature of the r-f pulse. 

When considering the response of a receiver to an r-f pulse it is clear 
that the power spectrum as seen on the analyzer screen does not deter- 
mine the response of the receiver, but a knowledge of the spectrum will 
indicate the required bandwidth of the receiver in order that considerable 
loss of energy will not occur. If a considerable amount of frequency 
modulation is present the energy of the pulse may be spread over such 
a wide frequency band that a receiver designed to receive such a pulse 
without frequency modulation will respond to only a small portion of the 
power received. 

One of the principal uses of spectrum analyzers is to check the spectra 
of radar transmitters to see that no excessive frequency modulation exists 
and that the magnetron is operating stably. Magnetrons are usually 
modulated by a flat-topped current pulse having short times of rise and 
fall. A flat-topped current pulse is desirable because the frequency of a 
magnetron varies with the current and if the current pulse is not rea- 
sonably constant, frequency modulation will be introduced. Moreover, 
some regions of the voltage-current characteristic are associated with 
instability or a change in the mode of oscillation, and to avoid these 
regions the current pulse should rise rapidly to its maximum and remain 
constant. It has been found, however, that with some magnetrons the 
operation is unstable if the rate of rise is larger than a certain amount. 
Most magnetrons o{>erating properly will produce a spectrum very 
similar to that of the rectangular pulse with no frequency modulation. 
A spectmm of this sort is considered good. If the spectrum differs from 
this form it may be the result of amplitude modulation, frequency modu- 
lation, or a combination of the two. 

7* 16. Examples of Spectra of Pulses. — The section following is a 
detailed consideration of the spectra in Fig. 7*26. The spectra are power 
spectra; that is, la(a))l^ is plotted against frequency difference from the 
carrier frequency. The spectra are shown for specific values of pulse 
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length and frequency modulation but they may be interpreted for differ- 
ent pulse lengths in the following way. Multiplying the pulse length by a 
factor a is equivalent to multiplying the frequency scale by 1/a and 
multiplying the frequency modulation A/ by 1/a. 

Figure 7*26a. — This is the spectrum of a rectangular pulse with 
neither amplitude modulation nor frequency modulation during the pulse. 
The form of the spectrum is sin^ Tcx/iicxY and it is obviously symmetrical. 
Minima in the spectrum occur at ±1 Mc/sec, ±2 Mc/sec, ±3 Mc/sec, 
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and so forth. This is representative of the spectrum of a properly oper- 
ating magnetron or of a good pulsed test oscillator. 

Figure 7*266. — The spectrum of a symmetrical trapezoidal voltage 
pulse with no frequency modulation. The pulse is 1 u^ec wide at the 
base and 0.6 ixsec at the top and hence is effectively shorter than a 1-Msec 
rectangular pulse and accordingly the first minima occur at frequencies 





Bpectra; explanation in text. 
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which differ by somewhat more than 2 Mc/sec. The most notable 
change in the shape of the spectrum is a reduction of amplitude of the 
side lobes relative to the center lobe. 

Figure 7 *260. — The spectrum of a symmetrical triangular voltage 
pulse with no frequency modulation. The pulse being 1 /xsec wide at 
the base is effectively shorter than a l-jusec rectangular pulse, and hence 
the first minima are at frequencies differing by more than 2 Mc/sec. 
The minima occur at ±2 Mc/sec, ±4 Mc/sec, and so forth. In this case 
the side lobes are practically negligible. 

Figure 7-26d.^ — An error-function voltage pulse with no 

frequency modulation. A transient of this type is unique in the fact the 
spectrum has the same form as the transient. Accordingly, the spectrum 
has no side lobes although it extends to ± oo . Actually the portion of the 
spectrum beyond / — /o = ±1.5 Mc/sec is negligible. The pulse 
illustrated is the one that has a spectrum of the same amplitude and half- 
power width as the l-^sec rectangular pulse shown by the dotted lines a. 
The shape of the center region of the spectrum is almost identical with 
that of the rectangular pulse spectrum Fig. 7 - 260 . Since the pass band 
of a series of single-tuned circuits approximates the error function, this 
was chosen for the discussion in Sec. 7*2 on the theory of operation. 

Figure 7-26e,/,g. — A rectangular pulse with no amplitude modula- 
tion during the pulse but w ith varying amounts of linear frequency modu- 
lation. The first effect of increasing the frequency modulation is to 
raise the minima and they are no longer zero. This means that less 
energy is present in the center lobe. As the modulation is increased, 
the secondary maxima rise until they engulf the center, creating two 
peaks rather than one. With higher modulation three or more pairs of 
prominent peaks may exist with the result that very little energy is 
located in the central region. All thovse spectra are symmetrical and 
would be unchanged if the frequency modulation were reversed in sign. 
Spectra of this sort are rather commonly seen. Spectrum e would be 
classed as good, / as fair, and g ad poor. 

Figure 7*26/i. — A linearly sloping pulse with amplitude modulation 
of 73 per cent and no frequency modulation. This spectrum is very 
similar to that of the rectangular pulse a, the only difference being that 
the minima are not quite zero. The shape of the spectrum is not greatly 
altered even when the modulation is 200 per cent (sawtooth waveform). 
Since there is no frequency modulation the spectrum is symmetrical; 
if the slope of the pulse were reversed the spectrum would be unchanged. 

Figure 7*26t,j. — A linearly sloping pulse linearly frequency-modu- 
lated, In the case of linear frequency modulation with no amplitude 
modulation the spectrum was symmetrical, that is, qualitatively, fre- 
quencies /o +/i were not preferred to freauencies /o — A. Here, how- 
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ever, frequencies at which the pulse has higher amplitude are preferred 
to frequencies at which the amplitude is low and the effect is to move 
the maximum in the direction of the preferred frequency and to give an 
unsymmetrical spectrum. The ampHtude modulation is the same as 
in h and the spectra are shown for two values of frequency modulation, 
2 and 6 Mc/sec per /xsec. At the higher modulation there is a resemblance 
to g but the spectrum is still distorted in the direction of the preferred 
frequency. In the case shown, the frequency is lowest where the ampli- 
tude is highest with the result that the spectrum is pushed in the direc- 
tion of lower frequency. It is obvious that the same spectrum would 
occur if the amplitude and frequency modulations were both reversed 
in sign. If one only were reversed the spectrum resulting would be a 
mirror image of that shown. 

Figure 7*26jfc. — A trapezoidal pulse trapezoidally frequency-modu- 
lated. The same sort of qualitative argument that applied in i and j 
can be used here. A large part of the pulse is rectangular so that a main 
lobe resembling that of a rectangular pulse is obtained. The frequency 
modulation causes a shift of the spectrum in the low-frequency direction 
but the effect is not so pronounced as it would be if the amplitude were 
unmodulated. The effective width of the pulse is between 0.5 and 1.0 
pisec as indicated by the position of the zeros. This is a form of spectrum 
which is very commonly observed from magnetrons and pulsed low- 
power oscillators. The almost complete absence of side lobes on one 
side and side lobes larger than usual on the other is typical. An example 
of such a spectrum is shown in Fig. 7-16 of Sec. 7*7. 

In correlating spectra with the r-f pulses that produce them a few 
generalizations may be made. When the frequency modulation is zero, 
changing the shape of the amplitude modulation while keeping the 
effective pulse width constant alters the relative sideband amplitudes 
but has little effect on the main lobe. This may be seen from spectra 
a, by Cy dy and h of Fig. 7-26. It will be observed also that each of the 
spectra is symmetrical. In fact, it is true in general that in the absence 
of frequency modulation any r-f pulse will produce a symmetrical 
spectrum. From spectra c, /, and g of Fig. 7*26 it is evident that in the 
case of no amplitude modulation a linear frequency modulation will 
result in a symmetrical spectrum. In general, with no amplitude modu- 
lation, a frequency modulation that is an odd function about the center 
of the pulse will produce a symmetrical spectrum. Frequency modula- 
tion has the effect of broadening the spectrum and is usually more 
serious than amplitude modulation. Most magnetron spectra observed 
can be explained qualitatively in terms of frequency modulation alone. 

7-16. Frequency and Frequency-difference Measurements. — One of 
the measurement applications for which the analyzer is well adapted is 
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the comparison in frequency of two oscillators of slightly different 
frequencies. The coincidence of frequency of two c-w signals is very 
precisely indicated by the coincidence of the two patterns on the analyzer 
screen. If the two signals are stable and of comparable amplitude, a 
comparison can be made with frequency error small compared to the 
bandwidth of the i-f amplifier. For example, if the bandwidth is 100 
kc/sec the comparison of two 3,000-Mc/sec signals can be made with a 
precision of three parts per million. 

If one signal is from a calibrated signal generator with an attenuator, 
then measurements may be made of the frequency of any signal within 
the tuning range of both the calibrated signal and the spectrum analyzer. 
An example of the use of this method of frequency comparison is the 
microwave frequency standard discussed in Sec. 6*28. In this case, the 
calibrated signal source is a very-high-order harmonic of a very stable 
low-frequency oscillator. It is clear that the method of frequency 
measurement by comparison with a calibrated c-w signal is applicable 
to the measurement of modulated signals as well as c-w signals and could, 
for example, be used to make frequency measurements on the spectrum 
of the pulsed oscillator. In making frequency measurements by this 
method special care must be exercised in selecting the correct image for 
comparison, otherwise the results will be in error by twice the intermediate 
frequency. If the frequencies being compared are identical, only one 
other image will be found, and if the two signals are not quite coincident, 
the frequency difference will be the same on the other image. If, 
however, the incorrect image has been chosen, tuning the spectrum 
analyzer will disclose two additional images spaced twice the intermediate 
frequency from the central images. If one oscillator is slightly detuned 
the center image will be double while the others will remain single. 
Care must also be exercised that a higher-order image is not chosen for 
comparison. Another way of detecting true coincidence of two c-w 
signals is to observe carefully the pattern produced when the two signals 
are superimposed. If the two frequencies are nearly identical, the 
pattern will appear as a modulation of the difference frequency if the 
difference frequency is low enough; if the two signal frequencies are 
separated by twice the intermediate frequency, the beat frequency is a 
function of the analyzer tuning. In the first case, the pattern produced 
will show a definite modulation filling the area; in the second case, the 
pattern will be blurred. 

The frequency of oscillators may be measured by the frequency meter 
contained in most spectrum analyzers. A frequency-meter marker pip 
when set to coincidence with a signal on the screen of the analyzer does 
not read the signal frequency, but instdkd the frequency of the local 
oscillator when the signal is being received. The cavity frequency is then 
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different by the intermediate frequency from the desired signal frequency. 
The best method of measuring the signal frequency is to set the frequency- 
meter marker pip first at one image and then at the other, adding the 
readings and dividing by two. This procedure does not depend on 
knowledge of the intermediate frequency or on the linearity of calibration 
of the frequency meter. 

7*17. The Use of a Spectrum Analyzer as a Sensitive Receiver. — 

Another measurement application of the spectrum analyzer is as a sensi- 
tive c-w detector in bench test work. Most bench test work is done with 
a square-wave-modulated oscillator, a crystal or bolometer detector, 
and a high-gain sharply tuned audio amplifier. Much of this work 
can be done also with a spectrum analyzer which has the advantages of a 
wider range of sensitivity and much lower noise. Bolometer bridges, 
measuring i-f power directly, may be built into analyzers, and they give 
an easily measurable output indication accurately linear in power. 
The analyzer has the disadvantage that a calibrated i-f gain control is 
more difficult to construct than an a-f gain control. In consequence, 
r-f attenuators are used which are usually either of the resistive type or 
of the waveguide-beyond-cut off type. The resistive type is usually 
calibrated using a bolometer and audio amplifier, whereas the calibration 
of a cutoff attenuator is linear and determined by the dimensions. 
Because of its sensitivity and wide range, an analyzer is a good instru- 
ment for measuring high standing-wave ratios. For the same reason 
the analyzer is very useful as an attenuator comparator. Standard 
attenuators calibrated by other means can be used in conjunction with 
an analyzer to calibrate other attenuators. In all accurate measurements 
of attenuation very great precautions must be taken to avoid leakage 
from the source around the attenuator and into the analyzer mixer. 
An analyzer specifically designed for use as a sensitive detector in the 
manner described has somewhat different requirements than an analyzer 
for use with pulsed signals. The leakage attenuation into the analyzer 
must be very high, and, as explained in Sec. 7-5, more stable operation 
can be obtained by the use of a wide i-f bandwidth. The intermediate 
frecjuency is relatively unimportant in this case. 

The spectnim analyzer will probably be of considerable use in demon- 
stration lectures to illustrate the methods of Fourier analysis of transient 
phenomena. It is well adapted to the study of modulation, both in 
amplitude and in frequency. The modulation sidebands can be seen 
directly and their amplitudes determined. 

THE R-F ENVELOPE VIEWERS AND OSCILLOSCOPES 

An r-f envelope viewer is a device that presents on an oscilloscope 
screen a plot of the amplitude modulation of an r-f pulse or transient. 
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as a function of time. In its usual form it consists of a diode or crystal 
to rectify the r-f signal and, where the signal amplitude is small, an 
amplifier to bring the amplitude to such a value as will give a reasonable 
deflection on a cathode -ray tube. The cathode-ray oscilloscope must 
have a triggered sweep that can be started before the occurrence of the 
transient being observed, in order that the whole of the transient may be 
seen. 

In the study of r-f pulsed oscillators, the spectrum analyzer and the 
r-f envelope viewer are two very useful instruments which complement 
each other in the information they give about the pulse. The r-f envelope 
viewer shows the exact shape of the pulse, that is, its amplitude modula- 
tion, whereas the spectrum analyzer gives a visual plot of the power 
distribution of the pulse in frequency. Frequency modulation during 
the pulse is not indicated by the r-f envelope viewer, whereas it is very 
sensitively indicated by the spectrum analyzer. The form of the ampli- 
tude modulation of a pulse affects the r-f spectrum, but it is not possible 
to interpret the spectrum to find the exact shape of the pulse producing 
it. In investigating the behavior of a pulsed oscillator, such as a mag- 
netron, the current pulse, the r-f envelope, and the r-f spectrum must all 
be studied. The shape of the rising edge of the pulse is important in 
the explanation of the magnetron^s operation and in applications where 
precise timing is required. Oscillations, or a slope on the top of the pulse, 
which may be caused by improper operation of the modulator and which 
may result in frequency modulation, are clearly indicated by the r-f 
envelope viewer. By correlating the information given by the r-f 
spectrum, the current pulse, and the r-f envelope with data on the 
voltage, current, and frequency relations of a pulsed oscillator such as a 
magnetron, an adequate explanation of its operation may be given. 

An instrument very similar in function to the r-f envelope viewer but 
possessing certain advantages is the r-f oscilloscope. Whereas the r-f 
envelope viewer rectifies the sigpal and presents a video pulse on the 
cathode-ray tube, the r-f oscilloscope uses the r-f voltage to deflect 
the electron beam directly. If the time resolution is sufficiently high, the 
waveform of the r-f voltage is obtained. If the resolution is not high 
enough the picture obtained is a solid image, brighter on the edges where 
the trace is slower, the envelope of which indicates the amplitude modula- 
tion. Since the use of amplifiers and the RC time constants associated 
with diode circuits are avoided, the r-f oscilloscope can give a superior 
presentation of very short transients. For a cathode-ray tube to be useful 
as an r-f 08cilloscoi>e, the deflecting system must be designed so that the 
electrons pass by the deflecting plates before the r-f voltage on the plates 
has changed appreciably. 

7*18. The Components of an R-f Envelope Viewer, — The basic parts 
of an r-f envelope viewer are the r-f detector, the cathode-ray tube and 
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its associated power-supply circuits, the sweep circuits for producing 
and synchronizing the linear sawtooth waveform and for intensifying 
the sweep for its duration, and the video amplifier. 

An r-f envelope viewer is usually made by incorporating the r-f 
detector in an oscilloscope unit designed for the viewing of rapid tran* 
sients. Such an oscilloscope is the synchroscope of which two models, 
the P4 and the Model 5, have been used extensively at the Radiation 
Laboratory. Both perform essentially the same functions. A synchro- 
scope generates one trigger pulse, which starts the equipment producing 
the transient, and a second trigger pulse, which is so timed that it may 
be made either to precede or to follow the first pulse. This second pulse 
starts the linear sweep generator, which produces the horizontal sweep 
on the oscilloscope. In this manner, the beginning and any portion 
of the transient may be observed. A synchroscope may also be triggered 
externally by the transient to be observed. Because of the delay in 
starting the sweep and intensifier circuits, the very beginning of the 
transient cannot be observed. Since it is the beginning of the r-f pulse 
that is frequently of the most interest, an r-f envelope viewer is seldom 
used in this manner. To avoid excessive light on the screen the beam 
is cut off except during the sweep. A synchroscope will operate without 
external triggers at repetition frequencies of 500, 1000, 2000, and 4000 cps, 
or it will operate at any frequency from 50 to 5000 cps by using either an 
external sine-wave generator or an external trigger. Both the P4 and 
the Model 5 synchroscopes produce a horizontal sweep of about 4 in. 
on a 5-in. cathode-ray tube. The P4 synchroscope has available sweep 
speeds up to about 1.7 in. per ^isec and the Model 5 up to 5 in. per pisec. 
The Model 5 has push-pull horizontal deflection whereas the P4 has 
single-end deflection and, therefore, a poorer image. In addition, the 
Model 5 synchroscope has a more precise delay circuit and a faster- 
rising output trigger pulse. Because of its higher resolution the Model 5 
synchroscope is to be preferred for studies of fast transients. The 
operation of the circuits of the P4 and Model 5 synchroscopes is described 
in Chap. 6 of Vol. 22 in this series, and will not be discussed in detail here. 
Emphasis will be placed on the associated r-f circuits. 

R-f envelope viewers may be divided into three classes, those using 
a crystal detector and video amplifier, those using a vacuum-tube 
detector and video amplifier, and those using a diode detector at high 
level where a video amplifier is not needed. These will be taken up 
in turn. 

7*19. Crystal Detector with Video Amplifier. — A very simple sort of 
r-f envelope viewer may be made by adding a video amplifier to a P4 
synchroscope and using an ordinary crystal as an r-f detector. Such 
an r-f envelope viewer is very sensitive, is approximately linear with 
power if the amplifier has sufficiently high gain, and can be made to 
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operate at any band where a crystal detector is available. The crystal- 
detector mount usually does not need to be tuned over the band of fre- 
quencies for which it was designed. 

A video amplifier for use with crystals has been designed and is 
frequently incorporated in a P4 synchroscope. The combination is 
intended for viewing the r-f pulses from test oscillators and signal gener- 
ators. The video amplifier has a voltage gain variable from 200 to 
2000. At minimum gain the bandAvidth is from 160 cps to 8.2 Mc/sec, 
and at maximum gain the upper limit is reduced to 5.4 Mc/sec. The 
amplifier is designed for use with a negative input signal. The input 

Input power, mw (maximum gain about 2CX)0) 
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Fig. 7*27. — Calibration of a crystal r-f-cnvelope viewer with video amplifier. 

impedance consists of a 1000-ohm resistor shunted by about 18 /i/uf. 
The undistorted output signal of the amplifier is 140 volts. Figure 
7*27 shows the linearity and sensitivity of this amplifier used with a 
10-cm-band crystal. If the cable connecting the crystal detector to 
the video amplifier is 12 in. long or le.ss, the response will be essentially 
unaltered. 

7*20. Vacuum-tube Detector with Video Amplifier. — An r-f envelope 
viewer for 10-cm band, which mil also function at 3-cm band, can be 
made using a type 954 acorn pentode as a detector and amplifying the 
output signal by a video amplifier. Such a detector and video amplifier 
are easily installed in a P4 synchroscope. The r-f power is applied to 
the grid of the detector by means of a 50-ohm coaxial line. At the end 
of the inner conductor there is a set of spring jaws that grip the grid 
lead of the tube. The jaws are fastened to the inner conductor through 
a semiflexible coupling to allow for variations in individual tube dimen- 
sions. Since the tube does not properly terminate the line, a 50-ohm 
resistive disk is placed across the line ah^ad of the tube. The voltage 
standing-wave ratio is usually less than 1 .7 over most of the 10-cm band 
and about 1.2 at the band center. The amplitude control is a bias 
potentiometer in the detector circuit. The video amplifier following 
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the detector consists of a 6AC7 and a 6AG7 tube. The bandwidth is 
about 5 Mc/sec. 

This r-f envelope viewer is not so sensitive as the type using a crystal 
but this is not an important disadvantage if a source of adequate power 
is available, for example, a pulsed magnetron oscillator. The coupling 
to the r-f envelope detector may be effected by a pick-up antenna, by a 
probe in the r-f line with an attenuating cable, or by a directional coupler. 
A vacuum-tube detector has an advantage over a crystal detector in 
that it is not easily damaged by overload. 



Fig. 7*28. — Deteotor and video amplifier for P4-'E synchroscope and r-f envelope viewer. 


Under some operating conditions the output voltage is approximately 
linear with input power. If the r-f envelope viewer is to be used to 
measure power accurately, however, an individual calibration is desirable. 
Because of differences in tubes a new calibration should be made if the 
detector is replaced. A circuit diagram of the detector and video ampli- 
fier used in the P4-E s 3 mchroscope is shown in Fig. 7-28. 

The P4-E synchroscope and r-f envelope viewer are not satisfactory, 
as they stand, for making accurate measurements on r-f pulsed signals 
from magnetrons. The relatively long leads from the amplifier to 
the deflecting plates introduce stray inductance that distorts the image 
and may be a source of extraneous signals picked up from high electric 
fields near by. The amplifier must be shielded carefully and r-f and 
video-frequency grounds must all be short and made mth heavy wire. 
It is desirable that the horizontal deflection leads be shielded. When all 
this is done, very acceptable pictures of r-f pulse envelopes may be 
obtained. Some typical results are shown in Fig. 7*29. Included 
are spectra, current pulses, and r-f envelopes for a 3-cm-band magnetron 
operated at three different pulse lengths. Current and r-f envelope 


R-f spectrum Current pulse R-f envelope 




Fio. 7*29. — Representative spectra, current pulses, and r-f envelopes for a WE-726A 
magnetron using an aircraft modulator and pulse transformers. The r-f envelope viewer 
is a modified P4-E 83aichrosoope. 

r-f envelope follows the current pulse faithfully is an indication that 
the r-f envelope viewer gives a deflection roughly proportional to power. 
As the pulse length is increased the spectrum width between minima 
is decreased, and the spectrum amplitude is increased as indicated by 
the additional attenuation required to equalize the peak deflection. 
Equation (10), Sec. 7*2 shows that the amplitude of the transient on the 
spectrum-analyzer screen (deflection proportional to power) is propor- 
tional to the square of the pulse width. If this peak deflection were held 
constant as the pulse width was doubled, an attenuation of 6 db would 
have to be introduced. Figure 7*29 shows that this is, in fact, the case. 
The somewhat distorted shape of the spectrum of the 2-Msec pulse is 
probably the result of a slight amount of frequency modulation. This is 
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not definite, however, as the spectrum analyzer bandwidth might have 
been broader than 50 kc/ sec and this could cause a similar effect. 

7*21, Diode Detectors Used at High Level. — Crystal and vacuum- 
tube detectors which must be used with a video amplifier are capable of 
showing the general form of r-f pulses of about 1 Msec. Because of the 
limited bandwidths that can be attained consistent with a reasonable 
gain, a video amplifier may seriously modify the form of a pulse. An 
amplifier with a 5-Mc/sec bandwidth and no overshoot will considerably 
modify the shape of a 1-Msec pulse and will completely distort a 0.1-Msec 
pulse. Amplifiers may be built having bandwidths of 15 Mc/sec or 
more, but even these are frequently not adequate for a detailed study 
of the pulse shape. 

A typical problem that arises is the study of the starting behavior 
of pulsed magnetron oscillators. A magnetron does not start instan- 
taneously when the applied voltage reaches the operating value. This 
delay is called the starting time, and for the 10-cm-band magnetrons 
it varies from 0.01 to 0.08 Msec. To measure accurately the starting 
time of a magnetron of 0.01 Msec, the resolving power of the r-f envelope 
viewer must be 0.01 Msec or less. A time of rise of 0.01 Msec requires a 
video amplifier having a bandwidth about 30 Mc/sec with good phase 
response. Since this is difficult to achieve, the video amplifier is omitted 
and a diode detector is used at a high enough power level to give a direct 
indication. A 10-cm-band detector that uses a type 2B22 lighthouse 
diode at high level is satisfactory. If such a detector is connected to a 
Model 5 synchroscope having a sweep speed of 5 in. per Msec, the shape and 
timing of the r-f pulse are not observably distorted. The r-f pulse 
has a shape similar to the current pulse and starts at the same time 
except for the delay in the attenuating cable connected to the r-f detector. 
Figure 7*30 shows three examples of typical voltage, current, and r-f 
pulses. The voltage and current pulses are shown above and voltage 
and r-f pulses are sho^v^l below in proper time relationship. The normal 
starting voltage Vq and the starting time are indicated. 

The r-f envelope detector with which the waveforms of Fig. 7*30 were 
observed uses the type 2B22 lighthouse diode in a low-Q tunable cavity. 
The power is coupled in by a capacitive probe. In this manner an output 
signal of several hundred volts could be obtained which is sufficient 
for deflecting a cathode-ray tube directly. The lighthouse diode and 
the cavity used are shown in Figs. 7*31 and 7*32. The object of the design 
is to provide a reasonably low-Q r-f circuit having an output connection 
with the lowest practicable capacitance. Connection is made from the 
end of the inner plate cylinder to one of the deflecting plates and from 
the outside cylinder to the other plate and ground. Since it is of utmost 
importance to minimize capacitance and stray inductance, the connec- 
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tions to the deflection plates are made as short as possible, and the cavity 
is mounted in the synchroscope box. The total capacitance is about 


—*1 r*- Starting 8me 



W W (e) 

Fig. 7’30. — Voltage, current, and r-f pulaea of l()-cin magnetroiiii, H-f envelope viewer 
using a 2B22 diode at high level was used in conjunction with a Model 5 synchroscope. 


20 fifii. The cavity operates in the fX-mode and has ample timing range 
Cathode -Anode disk entire 10-cm band. Since 

the Q is low, the plunger and push 
rods provide fine enough control. 
Modification of the cavity for 
longer wave-lengths would be very 
simple. 

A requirement for good sensitiv- 
ity is that the diode have adequate 
cathode emission. It was found 
that those tubes with highest con- 
ductance gave the greatest output 
signal. The major compromise in 
the design which had to be made 
was the choice of the diode load 

M j.. ^ resistor. F or resistances below 600 

* I ohms, the sensitivity rises rapidly 

Fio. 7-31.— Type 2B22 lighthouse diode. resistance is increased, indi- 

cating an improvement in rectification efficiency. The rise time, however, 
also increases and a compromise value of 300 ohms was chosen. A typ- 
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Mica bypass 
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Fio. 7*31. — Type 2B22 lighthouse diode. 
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ical calibration under these conditions is given in Fig. 7*33. The approxi- 
mate relation between input power and output voltage is given by 
V = 

The intrinsic rise time of the envelope viewer is determined by a 
combination of the r-f-circuit Q and the bandwidth of the video circuit. 
The Q of the r-f circuit is about 25, which at 3000 Mc/sec represents an 
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r-f bandwidth of 120 Mc/sec or an equivalent video bandwidth of 60 
Mc/sec. The bandwidth of the video circuit consisting of a resistance 
of 300 ohms shunted by 20 is 26.5 Mc/sec. This bandAvidth could 
be improved somewhat by a peaking circuit, but a good phase response 
must be preserved. The bandwidth is thus limited by the video response. 
The rise time associated with a bandwidth of 26.5 Mc/sec is about 0.013 
/Lisec, which is considerably shorter than the rise time of the r-f envelope 
viewer using a 954 tube with an amplifier. 
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In making measurements of very short time intervals with a fast 
oscilloscope and r-f envelope viewer, it is necessary to consider the length 
of the transmission lines connecting the pulse source to the oscilloscope 
and r-f envelope viewer. For example, in the measurement of the 
starting time of the r-f and current pulses of a magnetron, care must 
be taken to make all the cable lengths equal, or to correct for a difference 
in length. An extra 5-ft length of video or r-f cable will introduce a 
delay of 0.008 ms^c. 



0.001 0.01 0.1 1.0 10.0 100 1000 
Input power in watts (peak) 

Voltage output of diode working into 300 ohms 


Fio. 7*33. — Typical calibration for the lighthouse-tube r-f envelope viewer. 

7*22. Diode Detectors for Frequencies Higher than 3000 Mc/sec. — 

The lighthouse-tube r-f envelope detector was designed for lO-cm-band 
operation or, with modification, for use at lower frequencies. Operating 
on the same principle but with a different tube, r-f envelope viewers 
have been built for the 3-cm and the 1-cm bands. Basic to the operation 
of these detectors is a very small diode with cylindiical cathode and 
anode having a spacing of 0.002 in. The shunt capacitance of the tube is 
4 M^f- The tube, which is still developmental, is the .size of a standard 
crystal cartridge and is mounted across the waveguide in the manner 
of a crystal mixer. The tube is manufactured by RCA and has the 
type number R6271. Illustrations of the size and construction of 
the tube will be found in Figs. 7*34 and 7*35. The waveguide mounts 
for the tube at 3-cm band and 1-cm band are shown in Figs. 7*36 and 7*37, 
respectively. These mounts are similar to crystal mounts, except that 
provision must be made for the longer exhausting seal on the lower end 
of the tube and the structure and seals at the upper end. A plunger 
behind the tube and two tuning screws ahead of it serve to match the 
tube to the waveguide. The Q of either the 3-cm- or 1-cm-band mount 
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is such as to be equivalent to a video bandwidth of 150 Mc/sec. An 
output voltage of about 100 volts may be obtained on either band, 
although the sensitivity is different. This diode may of course be used 
at the 10-cm band as well. For the conditions of a 300-ohm load resist- 
ance and an output voltage of 100 
volts, the sensitivities at the three 
bands are; one watt per volt at 10 
cm (comparable to the 2B22), 12.5 
watts per volt at 3 cm, and 75 watts 
per volt at 1 cm. In spite of the low 




Fio. 7*;<4. -Type U0271 diode. 


Fig. 7-35. — Type 
RG271 diode. 


efficiency at 1-cm caused by transit-time effects, the tube is still of use if 
adequate power is available. The maximum power that may be applied 
to the diode is determined by the plate dissipation. At high frequencies 
the efficiency is so low that it may be assumed that the input power is dis- 
sipated in the tu])e itself. Although the maximum ratings have not 
been determined, if the anode is cooled adequately by the spring fingers 
that grip it in the mount, two w atts is probably a safe value. The peak 
power is limited by the value at which sparking between the electrodes 
occurs. As with the 2B22 diode and cavity, the video bandwidth is 
determined by the total shunt capacitance of the circuit and the load 
resistor since the r-f bandwidth is not a limiting factor. The total 
capacitance including the cathode-ray-tube deflecting plates may be 
about 15 'vith careful design. Where high resolution is important and 
sensitivity and deflection amplitude are secondary, the load resistance 
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may be decreased to 100 ohms which would result in a video bandwidth 
of about 100 Mc/sec. 

When measurements of rapid transients are to be made with extreme 
precision, it is necessary to ensure that the resolution of the imd^ge is not 
affected by the transit time of the electrons through the deflecting plates 
of the cathode-ray tube. The accelerating potential (cathode to second 
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anode) used in the Model 5 synchroscope is about 1300 volts, whereas the 
deflecting plates are about 3 cm long. The transit time of an electron 
is then 0.002 jusec, somewhat shorter than the limit of resolution of that 
synchroscope. If it were important to reduce the transit time, this 
could be done by raising the accelerating potential or by using a different 
cathode-ray tube. 

7*23. Microwave Oscilloscopes.^ — ^The fundamental limiting factor 
in the use of oscilloscopes to observe microwave oscillations or very fast 
transients is the distortion resulting from the finite length of time required 
for the electrons to traverse the deflecting field. It may be easily seen- 



Fig. 7*39. — Oscillogram of 3000-Mc/sec wave. 


that the ratio s(/) of the deflection sensitivity at the frecpiency / to the d-c 
sensitivity is given by 

.(/) - (U) 

where t is the transit time of the electrons through the deflecting plates. 
For good sensitivity the transit time must be reduced by using electrons 
A\dth a high velocity and short deflecting plates. Two such oscillosco|)es 
have been recently built which merit description. 

The first® of these employs a very fine electron beam at high velocity 
that impinges directly on a photographic plate and the oscillogram is 
viewed with a microscope after exposure. The beam diameter is about 
10“^ mm and the accelerating potential 50 kv. The length of the 
deflecting plates is 0.5 mm. Hence the transit time is about 4 X 10~^' 
sec. The sensitivity «(/) therefore has its first zero at a frequency of 
25,000 Mc/sec. For a 3000-Mc/sec signal, the sensitivity is nearly 
97 per cent of the d-c sensitivity. 

A very rapid sweep is produced by a simple RC-network discharging 
through a spark gap. A reasonably linear writing speed of 5 X 10^ cm/sec 
can be obtained. A cross-sectional view of the oscilloscope is shown in 

1 By C. G. Montgomery. 

* H. E. Hollman, Hochfrequenztechn Eleklroakust. 40 , 97 (1932). 

* Gordon M. Lee, Development of a High-speed Oscillograph,^’ Doctor of Science 
thesis, Massachusetts Institute of Technology, 1944. 
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Fig. 7-38. An oscillogram of a 3000-Mc/sec wave is shown in Fig. 7-39. 

The second oscilloscope* uses a tube of the more conventional type. 
It was developed jointly by the Radiation Laboratory and Allen B. 
Du Mont Laboratories, Inc.* An electron beam of about 1-mm diameter 
is accelerated to 6000 volts before it passes through the deflecting plates 



Fio. 7-40. — Du Mont K1017 high-speed oscilloscope, 
and then falls through an additional potential difference of 20,000 volts 
before it strikes a fluorescent screen of the conventional variety. The 
deflecting plates are 8 mm long and separated by 0.050 in. The transit 
time is about 3 X 10~^° sec and the first zero of the relative sensitivity 
occurs at 5000 Mc/sec. At 1000 Mc/sec the sensitivity is 95 j>er cent 
of the d-c value. The deflection sensitivity is about 175 volts/in. 
Figure 7-40 shows a photograph of the cathode~ray tube. This instru- 
ment has not been used much up to the present time, but it seems likely 
that the oscilloscope tube may soon be commercially available. 

^ cf. Vol. 22, Sec. 6-7 of this series. 

^ Tube type K1017. 
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CHAPTER 8 


MEASUREMENTS OF STANDING WAVES 

By E. M. Purcell 

If a uniform transmission line is excited by a generator at a frequency 
that is not too high, the steady state can be described by saying that 
there are two waves on the line, one running in each direction. The 
amplitude of each of these waves can be associated with some quantity 
characteristic of the electromagnetic field, such as the electric field 
strength at some arbitrarily selected location on a cross section of the 
transmission line. With this understanding, the amplitude of the waves 
may be formally described, at any point along the line and at any time, by 
complex numbers A and Bj which refer to the wave running from the 
generator and the wave running toward the generator, respectively. 
If the positive x direction is pointed away from the generator, 

B = ( 1 ) 

The instantaneous magnitude of the electromagnetic field quantity 
to which the amplitude refers is understood to be the real part of A, 
or of B, The numbers Ao and Bo depend on choice of the zero points for 
the measurement of time and distance. The quantity y is called the 
propagation constant of the wave; it depends upon the properties of the 
transmission line, and upon the frequency. It is customary to denote 
the real and imaginary parts of 7 by a and / 3 , that is, 

y = a + jfi- (2) 

If the transmission line is lossless, a = 0, and P = 2ir//v, where v is 
the phase velocity of a wave on the line at frequency /. If attenuation 
along the line must be reckoned with, a > 0; there is then an exponential 
decrease of the absolute magnitude of A, and a corresponding increase of 
the absolute magnitude of as x increases. 

The total amplitude, A + at some point along the line, is the 
quantity of interest and more particularly the time average of some 
function of |A + B\, for the instruments are not, as a rule, capable of 
following the rapid variations at frequency /. Suppose for definiteness 
that something proportional to the time average of |A + 51 * can be 
measured, the result of one such measurement being a single real number 

473 
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which will be called P, and which will be a function of Xy although not, of 
course, a function of L Then, 

P. a (3) 

In general, P, will display maxima and minima as x is varied; it may be 
said that there are standing waves on the line. From the variation of P, 
with. X it is possible to deduce the ratio of Ao to Po, which is a complex 
number, and also 7, if necessary. This is the object of all standing-wave 
measurements. Such measurements are useful because knowledge of 
Ao/Boy together with 7, suffices to determine completely the properties 
of the termination of the transmission line at the prevailing frequency. 

In most microwave measurements it is permissible to neglect the 
attenuation in the transmission line itself and to assume that 

y = j? = fiTrf/v. 

This may seem at first rather surprising if one is accustomed to associate 
high losses with high frequencies, in consequence of the decrease of skin 
depth with increasing frequency. The significant quantify, however, 
is the attenuation per wavelength and for transmission lines of a given 
size this decreases, with increasing frequency, as l/Vj- Microwave 
transmission lines are not much smaller in cross section than lines used 
at much lower frequencies, as a rule, and hence the approximation made 
by neglecting the attenuation is much Ixjtter than it would be at low 
frequencies. As the high-frequency end of the microwave spectrum 
is approached, however, transmission lines (which in most cases take 
the form of hollow waveguides) must be made smaller to avoid the possi- 
bility of propagation in higher modes, and the attenuation per wave- 
length increases, approximately as vT- But even at 30,000 Mc/sec the 
ratio of a to is usually less than 10“^. The effect of line attenuation 
upon standing- wave measurements will be considered briefly later; in 
most of what follows it will be neglected. 

It has already been suggested that, if the fre(iuency is too high or the 
transmission line too large in cross section, propagation of energy in more 
than one mode may be possible. In that case the two waves of Kq. 
(1) do not suffice to describe conditions within the line, and other waves 
must be included. For an introduction to this special problem which 
will not be treated here, the reader is referred to Chap. 10 of Vol. 8. 

It will be assumed throughout the chapter that the electromagnetic 
fields under examination correspond to a steady state, w hich is equivalent 
to the assumption that a single sharply defined frequency is involved. 
Nevertheless, the results can be applied, in many cases, to a modulated 
signal. This is allowable when the modulation frequencies concerned 
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are much lower than the carrier frequency, as is almost always true in the 
microwave region. 

8*1. Fundamental Relations. — If y is known in advance, the result of 
a measurement of the standing-wave pattern on a line at a fixed frequency 
with a given load can be expressed by a single complex number, the ratio 
of B to A, the amplitudes appearing in Eq. (1), at some selected point 
on the line. From this number 
the ratio of 5 to A at any other 
point can be computed from Eq. 

(1). In particular, the value of 
B/ A at the load can be found, 
which is, by definition, the com- 
plex reflection coefficient Fl of the 
load, 

r. - (^),; (4) 

M ore generally B/A at any point x 
on the line can be called the reflec- ^ ^ ^ 

tion coefficient of the remainder of I'kj. s i. — Variation of probe power Ps with 
the line terminating in the load. Parameter b To. 

The form of the standing-wave pattern, that is, the curve of P, as a 
function of distance x along the line, can be derived at once from Eq. (2). 
For simplicity let the origin of x be taken at a point where B/A is the 
positive real number To. Then, 

P, = constant X [(1 + Fo)“ cos2 + {\ ~ ro)^ sin^ ffx] 

= constant X (1 + Fo + 2ro cos 20x). (5) 

The curves in Fig. 8T show how varies with x for certain values of 
Fo. No significance is ordinarily attached to the absolute magnitude 
of P, in a standing wave, but the relative magnitudes of the waves of 
Fig. 81 are correct for the case of a matched generator. That is to 
say, the ^‘constant'^ in Eq. (5) is the same for all the curves of Fig. 8T, 
corresponding to constant amplitude of the wave running from the 
generator. 

It must be remembered that the form of the standing-wave pattern 
actually observed will resemble a P» curve only if the indication is propor- 
tional to the square of the total amplitude of the waves. The discussion 
in this chapter will be based on this special case, for the most part, both 
because the analysis is simpler, and because the detectors that are 
actually used can, with certain precautions, be made to approximate 
this response law very closely. 

The features of the standing- wave pattern which are most easily 
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measured are the ratio of the maximum to the minimum reading, 
Ptwmx/'Ptwin) aiid the position of a maximum or a minimum along the line. 
The ratio, is called the power standing-wave ratio, whereas 

is called the voltage standing-wave ratio, sometimes 
abbreviated VSWR, and denoted by the letter r, 


r = 



•max 

•min 


Ml + \B\ 
Ml - Ml' 


( 6 ) 


The connection between r and iFl is particularly simple; it is at once 
evident from Eq. (5) that 


= L+lTf. 

1 - irl’ 


Ml 


r — 1 
r + 1 


( 7 ) 


The phase angle of the reflection coefficient of the load can be deter- 
mined by observing the distance between the load and the nearest mini- 
mum in P,. If this distance is denoted by Jmin and if the reflection 
coefficient of the load is written T = then 

$ = 2)SXmin ± TT. (8) 


It is often convenient to describe the load by its impedance Zl or its 
admittance Yl measured, respectively, in units of the characteristic 
impedance or the characteristic admittance of the line. The relation 
between these dimensionless quantities and T is 


r - _ Lziljr 

" Zl+1 1 + Fl* 


(9) 


If the dimensions of the transmission line and the load are small 
compared to a wavelength, the quantity Zl appearing in Kq. (9) is the 
ratio of two impedances, that of the load and that of the line, which are 
uniquely defined in terms of voltage and current. Ecpiation (9) can 
be derived by applying the boundary conditions on voltage and current 
which the load imposes. In a waveguide transmission line or circuit, 
voltage and current cannot be given a unique and universally useful 
definition. Equation (9) is to be regarded as defining Y and Z in terms 
of r. The introduction of the impedance concept does not increase the 
amount of information made available by a standing- wave measurement, 
but it does facilitate the comparison of the system under investigation 
with equivalent circuits composed of transmission lines and lumped 
impedances, the analysis of which, in turn, is readily carried out by famil- 
iar methods. 

It is helpful to adopt a method of plotting the results of a series of 
standing-wave measurements which displays all of the information 
obtmned. A natural way to do this is to plot the quantity T = \r\e^^ in 
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the complex plane, with V the reflection coefficient at some selected 
reference point on the line. Often it is convenient to choose as this 
reference point the termination of the line. All values of T will fall on or 
within the unit circle, at least for passive terminations, and the diagrams 
take the form of Fig. 8*2a. Through the relations between jr] and r. 



Fig. 8-2. — Repre.sentation of properties of the load by points in the complex plane; 
(a) reflection coefficient, (6) standing-wave ratio and minimum position, (c) impedance, 
(d) admittance. 


and between 6 and another set of lines and circles can be drawn 
in the same complex plane from which r and Xmin can be read directly. 
This new grid is shown in Fig. 8-26. The quantity Xroin is understood 
to be positive when it represents the distance between the reference point 
on the line and a minimum in P, located between the reference point 
and the generator. The location of a point in the F-plane can also be 
described in terms of the impedance Z, or the admittance T, seen at the 
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reference point in the line, by imposing on the F-plane the curves of Fig. 
8*2c or Fig. S 2d. 

For example, the points D, i?, and F which appear in each of the plots 
may be considered. The point D, in each plot, corresponds to a short 
circuit, r = —1, at the reference position, hence to a zero in Ps at that 
point, with r = oo. The same point in Figs. 8'2c and d is to be inter- 
preted as zero impedance and infinite admittance, respectively. The 
point E represents an open circuit at the reference position, giving 
r = 00 , with Xm = V4, Z = oo, F = 0. For the point F, for which 
•ill 

r = 0.&€ ® , the minimum in P, occurs from the reference position, 
measured to\vard the generator, r = 4, Z = 0.35 — jO.Ol and 

Y = 0.76 + il.31. 

The diagrams of Fig. 8*2c and d are the so-called Smith charts’’^ 
for impedance and admittance, respectively. They have proved to be 
very useful in microwave work because, being based on a plot in the 
F-plane, they permit line-length transformations to be effected by simply 
rotating the whole diagram. The reader may have noted that one 
additional convention has been introduced without warning, which is 
that the quantity P, refers to the transverse electric field in the line. 
This convention is established when it is stated that Ps = 0 liTa short 
circuit. It is consistent with the use of electric antennas, or probes, 
projecting in through the w all of the guide to pick up the signal eventually 
indicated as P,. As will be seen in the follow ing sections, a probe of this 
type is almost universally favored , in microw ave measurements, and 
therefore the convention adopted is natural and convenient. 

8*2. The Slotted Section and Traveling Probe. — The instrument that 
has been most widely used for the measurement of standing waves con- 
sists of a section of transmission line or waveguide into wiiich a small 
antenna, or probe j can be introduced through a slot. The probe extracts 
a small fraction of the p>ower flowing in the transmission line, and is 
connected to an external circuit containing a rectifier, sometimes an 
amplifier, and a meter. By moving the probe along the slot, w Inch is 
parallel to the axis of the line, the field in the interior of the line is explored 
and a curve similar to those of Fig. 8*1 is obtained. The simplified 
diagrams in Fig. 8*3 show the arrangement of the probe and the slot in a 
coaxial-line standing-wave instrument and in a waveguide instniment. 

The slot is cut so that it runs parallel to the lines of surface current 
flow associated with the electromagnetic field in an unslotted line or 
guide, and its presence modifies the original field configuration only to a 
minor extent. The current flow in a coaxial line in the principal mode is, 

^ PhiUip H Smith, Electronics, January, 1939, and January, 1944. 
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of course, directed exclusively parallel to the axis, and a longitudinal 
slot anywhere on the periphery is allowable. In a rectangular wave- 
guide carrying the dominant mode {TEi(i) the slot must be located at the 
center of either of the two broad walls of the guide, as is at once evident 
from a consideration of the electromagnetic field configuration for this 
mode. 

The slot should be long enough to permit observation of at least one 
maximum and one minimum in P, regardless of the position of the 
standing-wave pattern relative to the slot. Reference to Fig. 8T shows 
that the minimum probe travel thus required is half a wavelength. In 



a b 

Fig. 8*3. — Slotted section with proixj (a) coaxial line, (b) waveguide. 


practice, a considerably longer probe travel is advantageous, for the 
observation of several maxima and minima affords a useful check on the 
instrument and allows a more accurate determination of the wavelength 
in the slotted section. It is usually easy to provide this additional length, 
and most microwave slotted sections permit a probe travel of 1^ to 3 
wavelengths. 

The probes shown in Fig. 8*3 are called electric probes because the 
power that is withdrawn to the indicating circuit depends on the intensity 
of the electric field at the probe. A magnetic probe, consisting of a 
small loop antenna could be used instead, and has occasionally been used. 
The construction of a very small loop that responds only to the magnetic 
component of the field within the transmission line is difficult, however, 
if the line leading from the probe out to the detector is a coaxial line. 
There are practical reasons for preferring the coaxial line (rather than a 
shielded pair, for example) for this function, and the magnetic probe is 
thereby ruled out in most cases. 

Little has been said about the indicating circuit itself, the function 
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of which is to detect the power picked up by the probe, perhaps to amplify 
it, and to provide a meter indication proportional to \A + or to some 
other known function of |-4 + Bj. This part of the instrument will be 
considered in a later section. For the present, the probe will be regarded 
simply as a load on the main transmission line, and it will be assumed 
that the ultimate meter reading is proportional to the power absorbed by 
this load. 

The slotted-section technique is based on two assumptions: first, 
that the slotted line itself can be treated as a uniform lossless trans- 
mission line; second, that the presence of the probe does not seriously 
modify the electromagnetic field in the line. The validity of these 
assumptions is restricted by several factors which must be carefully 
examined if the best use is to be made of such an instrument, and which 
must be taken into account in the design of slotted sections and probes. 
The disturbing influences to be reckoned with are of two kinds: those 
which cannot be avoided so long as the probe and slot are of finite size 
and a finite amount of power is required to actuate the indicator, and 
those w’hich can be blamed on accidental mechanical irregularities, 
departures from perfect symmetry, and so on. In the following sections 
effects of the first sort will be examined. 

8*3. The Properties of the Slotted Line. — The effect of a longitudinal 
slot in the outer conductor of a coaxial line is to change the charac- 
teristic impedance of the line slightly, and to introduce a finite, but 
usually negligible, loss. The change in impedance can be understood 
by recalling that the characteristic impedance of a line consisting of tw'o 
parallel cylinders, which need be neither circular in cross section nor 
coaxial, is uniquely determined by the capacitance of the line per unit 
length.^ The creation of the slot reduces slightly the capacitance per unit 
length. The magnitude of the effect is given approximately by the follow'- 
ing formula w hich w'as derived for the case of an infinitely thick outer con- 
ductor as in Fig. 8'4a. 


AZo 1 

Zo "" ~ R\ 


( 10 ) 


Here AZo is the change in characteri.stic impedance, Ri and /?2 are the 
radii of the inner and outer conductors, respectively, and w is the width 
of the slot. For a wall of finite thickness the effect w ill be only slightly 
larger. The only significant consequence of a change in characteristic 
impedance is that a small reflection of the waves in the line will occur 
where the slot begins and again where it ends. The reflection coefficient 
will be, in absolute value, ^AZo/Zo from Eq. (10). For very precise 
work the effect might prove troublesome. It can be avoided, if neces- 

* It is assumed that the magnetic permeability of the intervening medium is fixed. 
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sary, by compensating the change in impedance caused by the slot by an 
increase in the diameter of the inner conductor. 

In a waveguide slotted section, the presence of the slot affects the 
propagation constant of the line, as well as the characteristic impedance. 
The guide wavelength X' in a slotted guide differs slightly from the guide 



ih) {d) 

Fig. 8-4. — Ooss section of slotted coaxial line and slotted guide. 


wavelength in a guide of the same cross section but without a slot. 
The magnitude of the effect for a rectangular guide of ^^^dth a, height 6, 
and slot of width w, (see Fig, 8-4) is given approximately by 



Expressed in another way, the slotted guide of ^vldth a acts like an ordi- 
nary guide of width 

Equation (11) was derived for a guide of infinite wall thickness, but can 
be used without significant error when the thickness is of the order of 
magnitude of the slot width, as is usually the case. The change in \g 
for most slotted sections amounts to less than 1 per cent. It causes 
no difficulty because the guide wavelength in a slotted section can and 
should be determined by direct measurement, where high accuracy is 
required. The wave-impedance of the guide will be increased by the 
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same factor 


(■ 




as a consequence a small reflection may be 



Fig. 8-5. — Electric field 


slot wave. 


^ 8T6aV’ 

expected at the beginning and at the end of the slot, as in the case of the 
coaxial slotted section. 

The electric field will penetrate the slot to some extent and unless 
the wall is infinitely thick the field will extend into the exterior region 

with consequent loss of power by 
radiation. This effect, however, 
is ordinarily immeasurably small, 
for when the wall thickness is 
comparable with the slot width, 
the slot acts as a waveguide far 
beyond cutoff for the penetrating 
field, which may be thought of as 
a T3/“Wave in the parallel-plate 
transmission line formed by the 
sides of the slot. The attenuation 
of this wave in a direction nor- 
mal to the axis of the line or guide 
is so rapid that the coupling to the exterior region is of no practical impor- 
tance. The actual field configuration must resemble that sketched in 
Fig. 8*4d. 

The slotted waveguide has another property that occasionally makes 
itself evident. A new mode of propagation is made possible by the 
presence of the slot. The field configuration of this mode is sketched 
in Fig. 8*5. It will be noted that the symmetry of the field is such that 
it cannot be excited by a wave incident in the TJ/oi-mode unless the 
cross section of the guide departs in some way from perfect symmetry, 
as, for example, if the slot is slightly off center. The possibility of 
departures from symmetry cannot be ignored in practice. lOven weak 
excitation of the mode of Fig. §*5 may have a disturbing effect upon 
the standing-wave measurement' through a resonance effect like that 
which can occur in a waveguide section carrying several modes, one of 
which cannot be propagated in the sections immediately preceding and 
following. That is to say, the slot waves, as the oscillations in this mode 
will be called, are totally reflected at each end of the slot, and although 
energy is lost by radiation, to some extent, a pronounced resonance 
reaction upon the primary TJ^io-wave is sometimes observed when 
the length of the slot is an integral multiple of half the guide wavelength 
for this mode. Moreover, the slot is divided into two sections by the 
probe and carriage (see Fig. 8-3). As the probe travels, the lengths of 
these sections vary, allowing full opportunity for a slot-wave resonance 
if the slot wave is excited. 
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The cutoff wavelength for the slot wave can be calculated by an 
application of formulas derived for the series waveguide T. If the 
thickness of the waveguide wall is t, and if w denotes the slot width with 
a and h as the waveguide dimensions, the cutoff wavelength Xc for the 
slot wave is given implicitly by the relation 



For typical guide and slot dimensions, Eq. (12) is satisfied by a value of 
Xc which is considerably larger than 2a. That is, the guide wavelength 
of the slot mode is shorter than the guide wavelength of the TJ^io-mode 
in the guide. For example, the dimensions a = 0.84Xo, b = 0.34Xo, 
t = w = O.O8X0 lead to Xc = 6.OX0. The slot-wave resonance, in this 
case of a relatively wide slot, is damped by radiation to the extent that 
the associated Q is about 7.^ 

Slot- wave resonances are not excluded from coaxial-line slotted 
sections even though, in the absence of the slot, only the principal mode 
is allowed. The Formula (12) applies approximately in this case, if a 
represents the mean circumference and b the distance between inner and 
outer conductors. 

In all cases, of course, perfect geometrical symmetry of the slotted 
section and the probe will prevent excitation of the slot mode and will 
ensure that the slotted section behaves as a uniform, nearly lossless trans- 
mission line supporting only one mode of propagation. 

8*4. The Properties of the Probe. — An ideal probe would be one 
w hose presence in no way altered the fields within the transmission line 
and which, nevertheless, provided an indication of the intensity of the 
electric field within the line. The ideal is unattainable, and in fact for 
rough measurements only is it permissible to neglect the effect of the 
probe upon the line. Fortunately it is not difficult to analyze the action 
of the probe if two assumptions are made: (1) The probe and any asso- 
ciated high-frequency circuit components can be included in the complete 
microwave circuit of generator, transmission line, and load Avithout 
introducing nonlinear circuit elements. This means that the line which 
connects the probe antenna to the external detecting circuit presents, as 
seen from the prohfy an impedance which is independent of the amplitude 

^ The formulas used in deriving the properties of the slot wave were taken from 
The Waveguide Handbook, Vol. 10 of the Series, Sec. 10 4a. The slot is treated as the 
perpendicular branch of an ^-plane T terminating in a transition to an infinite guide of 
infinite height. The loading referred to is also derived from this model and is given 
approximately by Q * x5/2ir*a6. 
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of excitation. (2) The dimensions of the probe in a direction parallel 
to the slot are small compared with a wavelength. 

The first assumption is not, as might at first be supposed, incompatible 
with the use of a crystal detector to rectify the signal picked up by the 
probe. The signal is required to be very weak for other reasons, and 
the detector then appears to the microwave line as a linear load. The 
■ I ,, second assumption is very well fulfilled 

I also in most instruments. 

Gen. Yp Load As a direct consequence of assump- 

Line - 1) tions (1) and (2), the probe can be repn 

resented as a simple shunt admittance 

connected across the transmission line 
or waveguide, and the complete equiv- 
alent circuit takes the form shown in 
Fig. 8*6a. Had assumption (2) not 
been made, it would have been neces- 
sary to adopt a more complicated 
equivalent circuit for the probe, such 
as the T-network of Fig! 8T)6. 

^ ^ ^ In Fig. 8 Gc, the probe admittance 

1 ^ "I" ^ Yp is separated into a conductance Gp 

I I 1 and a susceptance Bp. The power 

extracted by the probe is that dissi- 
c ^ I ^ 1 ^ pated in Gp and although this power, 

/ I — 1 — I— 1 in the actual probe, may not all reach 

Constant-current generator detector because of ohmic loss in 

the probe circuit, it may still be as- 
that th. liaal indication P. is 
seated as a simple shunt admittance proportional tO where Cp is the 

Yp - Gp + jBp. voltage across the line at the probe 

position. The representation of the probe as a shunt element is not the 
only possibility, but it is convenient because of the convention already 
adopted that the probe reading refers to the transverse electric field, that 
is, that the probe is actually an electric antenna. 

The influence of the probe upon the observed standing-wave pattern 
can now be analyzed by expressing the power dissipated in the con- 
ductance Gp as a function of the position of the probe on the line, the 


' Constant-current generator 
(c) 

Fig. 8*6. — Equivalent circuit for the 
probe; in (a) and (c) the probe i.s repre- 
sented as a simple shunt admittance 

Yp = Gp -f- jBp. 


load admittance 


and the generator admittance 


The case 


Y L — that of a matched generator, will be considered first. The 
distance between generator and probe will be denoted by Xq and the 
distance between probe and load by Xl. It will suffice to consider Yl 
as real, writing it as Gl, since any load of complex admittance will give 
rise to the same standing-wave pattern as some real load, except for a 
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shift of the pattern along the line. Alternatively, it may be said that 
xl is measured between the probe and a point on the line at which the 
admittance of the remainder of the line, terminating in the load, is real 
and of magnitude Gl. 

A straightforward application of the transmission-line relations now 
leads to an expression for the power absorbed in Gp, which apart from 
an irrelevant constant factor involving the generator current, the effi- 
ciency of the detector, and so forth can be identified with the probe 
reading. 

„ Gp(l + Gl tan^ BY 

[1 + Gl + Gp + Gl( 1 + Gi. + GpGl) tan^ BY 

+ [Bp + (1 - Gi) tan B + tan^ B]\ 

(13) 


The angle B has been written in place of 2TrxL/\g. That P, does not 
depend on Xa is the result of assuming a matched generator. 

Consider first the case Gl = 0. Eq. (13) becomes 


P. oc 


Go 


(1 +Gp)2 + (Bp + tan BY 


(14) 


The standing-wave pattern displays zeros for tan B = , a condition that 

does not involve Bp and Gp. In 
other words, the zeros in the stand- 
ing-wave pattern appear just where 
they would if the prol)e were idea ly 
infinitesimal. The maxima^ how- 
ever, are shifted, since they are lo- 
cated by the condition tan B — 

— Bp, rather than tan ^ = 0, and 
the pattern as a whole is distorted 
compared to that which would bo 
observed with an infinitesimal 
probe. Figure 8*7 displays a rather 
extreme case of such distortion, observed with a probe for which Bp was 
about 0.5. The circles are experimental points. 

The shift in the maximum affords a direct measure of Bp. The 
maxima will be shifted toward the load if Bp is positive. The degree of 
asymmetry can also be specified by comparing values of P, measured at 
two points X/8 to either side of a minijpum, where tan B = +1 and —1, 
respectively. The ratio p of the two readings will be 

(I + GpY + {Bp - 1)^ 

" (1 +(?p)“ + (Bp + 1)“' 


Ve Va V2 

Probe position in wavelengths 

Fig. 8-7. — Observed standing-wave pat- 
tern showing distortion by probe suscept- 
anee. Circles are experimental points. 
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or approximately, if Gp and Bp are small, 

p = 1 - 2Bp, 

If Gl is not zero, the probe admittance may be expected to affect 
the measured standing-wave ratio r«, as well as the positions of maxima 
and minima. The shifts in maxima and minima can be computed from 
Eq. (13). The shift of the minimum from the ^Hrue^’ position, that is, 
from the position where a minimum would be found with an infinitesimal 
probe, may be denoted by 5mia and the shift of the maximum by 



Fig. 8-8. — Solid curves show effect of probe conductance Gp on measured standing-wave 
ratio rm as a function of Gl, with Bp = 0. Curves (o), {b), (c) are lor Gp =0.1, 0.05, and 
0.01, respectively. Dashed curves show effect of Bp in shifting maximum and minimum. 
Curves (d) and (e) are for B =0.1; curves (/) and (j/) for B = 0.05. 

If Bp and Gp are both small; by differentiation of Eq. (13) the following 
formulas for the case Gl ^ 1 are obtained, 


5nua _ G\Bp 
\ : (1+Gl?' 

x7 " (1 + Gl}^ 


(15) 

(16) 


These relations are plotted in Fig, 8-8. For Gl ^ 1 the subscripts min 
and max need only be interchanged, or, what amounts to the same thing, 
Gl be replaced by 1/Gl. Thus, the shift of the minimum is in general 
less than the shift of the maximum, and when the standing-wave ratio 
is large (Gl I or Gl ^ 1), the shift of the minimum is very small indeed. 
Moreover, to the first order, the minimum shift and the maximum shift 
depend only on Bp, It is in fact readily shown, from Eq. (13) that if 
Bp = 0, both shifts are zero, no matter how large Gp. It is obvious from 
these results that a large value of Bp is undesirable and that in any case the 
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location of the minimum^ rather than the maximum^ should be used to 
establish the phase of the reflection coefficient of the load in a standing- 
wave measurement. 

It must also be expected that the measured standing-wave ratio 
will differ somewhat from the value r which would be observed with an 
infinitesimal probe. This effect is due both to Gp and Bp, and if Gp and 
Bp are of the same order of magnitude, the analysis is tedious and the 
result rather complicated. Only the case of JSp = 0 will be discussed. 
It has been pointed out that it is desirable to reduce Bp and in most cases 
this can be done by a tuning adjustment in the probe circuit. If Bp = 0, 
Eq. (13) yields immediately 

Tm _ 1 + Gl + GpGl 

r" 1 +Gl + Gp ^ ^ 

forGL ^ 1. Since r = \/Gl when (7 l ^ 1, the result can also be written 


I'm 1 + r + Cp 

r 1 + r + riip 


(18) 


The observed standing-wave ratio is always less than the true standing- 
wave ratio if Bp = 0. The solid curve in Fig. 8*8 is a plot of the formula 
just given. 

The quantity Gp is a particularly significant parameter, for it deter- 
mines the amount of power extracted by the probe. For example, if the 
load is matched {Gl = 1) and if Gp « 1, Gp is identical with the fraction 
of the power flowing toward the load which is diverted by the probe to 
the measuring circuit. It is therefore appropriate to call Gp the coupling 
coefficient of the probe. Every standing-wave measurement poses the 
problem of a compromise between a very small coupling coefficient, which 
would make severe demands on the sensitivity of the indicating circuit 
or upon the output power of the generator, and a larger coupling coeffi- 
cient necessarily accompanied by larger discrepancies between the meas- 
ured and the true standing-wave ratio. Where the compromise is to be 
struck depends, of course, on the circumstances — the degree of accuracy 
sought, the power available, and so forth. The point that must be 
emphasized here is that a compromise cannot be avoided; both the power 
extracted and the error in depend directly on Gp. It is not possible to 
construct a probe that has a coupling coefficient of 0.05 mthout introduc- 
ing across the line a conductance Gp = 0.05. 

Two probes that are adjusted to have the same Gp can differ only in the 
value of Bp, no matter how dissimilar their physical appearance; if Bp can 
be tuned to zero for each, the probes will be electrically identical. These 
conclusions, of course, hold only if the probe can be considered a simple 
shunt circuit; this is allowable in nearly all practical cases because the 
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dimensions of the probe, in a direction parallel to the slot, are small com- 
pared to a wavelength. 

If the generator is not matched {Go jA 1), the formula for the power 
dissipated in the probe conductance necessarily becomes very compli- 
cated, involving Go, Bo, Gp, Bp, Gl, and both xo and xl- Bq could of 
course be eliminated by a suitable choice of the point to which xa is 
measured. Only a special case will be considered, that of a matched load 
Gl = 1, and a probe of zero susceptance Bp = 0. As the probe is moved, 
maxima and minima will be observed in despite the fact that Gl = 1, 
because a change in xg changes the load on the generator. The apparent 
standing-wave ratio is 


= I 4“ Go -f~ Gp 
** 1 + Go + GpGa 


for Gg < 1. 


(19) 


Thus, for Gp = 0.1, Go = 0.5, an apparent standing-wave ratio of 1.03 
would be observed. The error due to a mismatched generator decreases 
as Gp, the probe coupling, is decreased. The example just discussed 
shows how the degree of mismatch might be found, if Gp were known, or 
conversely how Gp might be measured if Go were known; in’both cases a 
matched load is utilized. 

An exhaustive analysis of more general cases which cannot be treated 
here, together with abundant experimental data, has been given by Red- 
heffer and Dowker.^ 

8*6. The Design of Slotted Sections and Probes. — The most impor- 
tant requirements that must be satisfied in designing a slotted section and 
traveling probe can be stated in this way: (1) A cross section of the guide 
and probe assembly, at the plane containing the probe, should display 
perfect symmetry about the axis of the probe over all regions accessible to 
the electromagnetic field associated with the guide. (2) The cross-section 
view must not be altered in any way as the probe travels along the slot. 
A cross section of a typical instrument is shown in Fig. 8-9, with certain 
details omitted which are of no concern in this discussion. The require- 
ments stated apply to the region below line A- A including the gap between 
the guide and probe carriage. 

The effect of any specified departure from symmetry and uniformity is 
easily understood in a qualitative way. In general, lack of symmetry 
causes excitation of the slot wave described in Sec. 8*3. A change in the 
depth of penetration of the probe, or of the dimensions of the guide near 
the probe, as the probe moves, results in a variation in the probe admit- 
tance Yp, It is not unusual to discover a small systematic effect of this 
sort, a gradual and uniform increase or decrease of Gp with distance along 

* Y. Dowker and R. M. Redheffer, ‘‘An Investigation of RF Probes,'^ RL Report 
483-14, Feb. 6, 1946. 
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the slot, for which faulty alignment of the ways upon which the probe 
carriage moves is often to blame. In a coaxial slotted section such a 
‘‘slope effect may be observed if the axes of the inner and outer conduc- 
tor and the path of the probe are not everywhere parallel.^ 

Thus good mechanical design is extremely important. The method of 
construction should be one which lends itself to the maintenance of close 
tolerances on all critical dimensions not easily adjustable. 



Fio. 8*9. — Shielded probe iu slot. 


The means for guiding and moving the probe require more careful 
attention than might at first be supposed. It should be possible to move 
the probe easily and rapidly over the whole length of the slot, and imme- 
diately thereafter to set the probe very precisely at some position. The 
position of the probe, in accurate work, should be indicated directly and 
legibly with an error of not more than a few thousandths of a wavelength. 
The way in which this problem is solved varies widely with the accuracy 
sought, the wavelength range for which the instrument is intended, and 
with the inclination and ingenuity of the designer. Only a few general 
remarks can be made here on the subject. 

* If the probe penetration is not too small, it has been found empirically that it is 
more important to maintain a uniform distance between the end of the probe and the 
inner conductor than to maintain \iniform penetration in the event that inner and 
outer conductor are not parallel. It is difficult, however, to make general statements 
about a problem in which so many parameters are involved. 
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At wavelengths of 10 cm or greater, no elaborate driving mechanism is 
required, as a' rule. The probe carriage can be moved by hand, directly, 
and its position read with sufficient accuracy on a vernier scale. Likewise 
the tolerances on dimensions are not beyond normal machining practice 
with the possible exception of the dimension that controls the depth of 
penetration of the probe in a coaxial instrument. Instruments designed 
for shorter wavelengths usually embody a reduction in the driving mecha- 



nism, and for wavelengths shorter than 3 or 4 cm, amplihcation of the 
position reading is almost neces^ry. A simple screw reduction is not 
suitable for it does not allow rapid traversal of the entire slot. In several 
instances a rack and pinion drive, with separate means for registering the 
probe position, has been satisfactory. In the standing-wave detector for 
use at 1.25-cm wavelength, shown in Fig. 8*10, a setting and reading 
accuracy of 0.001 in. is attained without sacrificing the possibility of rapid 
motion. A friction drive kinematically equivalent to a rack and pinion, 
but free from backlash,^ is used; the position of the carriage is indicated 
by a commercial dial gauge permitting a travel of one inch and reading 
directly in thousandths of an inch. 

^ Backlash in the drive would not affect the accuracy of position measurement, but 
it could be a minor annoyance in setting the probe on a sharp minimum. 
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Instruments of recent design are provided with accurate ways that 
define the path of the probe carriage. In general, the tendency has been 
toward a more massive construction, similar to that of other precision 
instruments. This tendency reflects the increasing interest in, and useful- 
ness of accurate impedance measurements, as well as the progress to higher 
frequencies. 

The requirement of symmetry can be made less stringent by certain 
modifications in the design of the probe and probe carriage. Indeed 
experience has shown that these modifications are necessary at short 
wavelengths in order to achieve a reliable instrument at reasonable cost. 
Of the features referred to, all of which are visible in Fig. 8*9, the most 
important is the probe shield. The probe shield is the tongue of metal, 
integral with the probe carriage, which projects into the slot; its lower 
surface is level with the inner wall of the waveguide. The probe wire 
runs through a small hole in this shield. The presence of the shield 
greatly reduces the chance of exciting slot waves through lack of sym- 
metry in the probe. The length of slot filled by the iongue is usually 
made half a wavelength to minimize the effect of reflections at the ends of 
the tongue. ' * ^ 

It w ill be noted that no part of the probe carriage in Fig, 8*9 touches 
the slot or the top of the guide. A positive clearance is maintained on 
both sides of the shielding tongue and beneath the carriage. It is 
easier to maintain this clearance with a tolerance of a few thousandths of 
an inch than to assure intimate but freely sliding contact everywhere 
betw^een the carriage and shield, and the guide. If such an attempt w ere 
made, the location of the actual point of bearing, and hence of electrical 
contact, w'ould depend on minute irregularities, and the electrical sym- 
metry of the system w^ould be jeopardized. 

If the two modifications mentioned are introduced, the narrow gap on 
either side of the probe shield will be excited to a slight extent by the 
primary wave in the guide. The excitation can be thought of as arising 
from the current which tends to flow’ across the narrow^ gap between the 
guide and the probe shield. If the probe wire wTre withdrawn, the cur- 
rent would be merely that required to charge the lower surface of the 
probe shield. To this must be added, when the probe is inserted, the 
input current to the probe line. The effect of this current ordinarily 
predominates. A rough calculation indicates that the probe current 
exceeds the shield current in a typical case if Gp > 0.005. Thus, two 
impedance elements, corresponding to the impedance of the tw^o gaps, 
one on either side of the probe shield, are in effect connected in series 
with the probe; if these impedances vary, the probe powder wdll change. 
To avoid any such effect, the ‘transmission line^’ represented by the 
continuation of the gap into the space beneath the probe carriage is 
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terminated in an open circuit approximately iX from the gap, which 
results in a very low impedance at the gap itself. The open-circuit 
termination is provided by a quarter-wave trap consisting of a longi- 
tudinal groove in the bottom of the probe carriage. In the instrument 
shown in Fig. 8T1 the groove is filled with dielectric to save space; the 
depth is (X/4)(l/\/^)- The distance between the mouth of the groove 
and the lower edge of the shield, which is nominally X/4, is not critical, as 
the characteristic impedance of the transmission line is very small. ^ 

The probe is ordinarily adjustable in its penetration; this is the easiest 
way to vary the probe coupling, or probe conductance Gp. In general. 
Bp will be found to change as the probe 
penetration is varied, and provision 
must be made for an additional adjust- 
ment which will allow Bp to be made 
small at any setting of the probe depth. 

The cross section of a 3-cm standing- 
wave instrument, Fig. 8T1, shows such 
a tuning device, in this case a coaxial 
stub on the probe line with a movable 
plunger. The probe itself is the pro- 
jecting end of a thin central rod which 
can be extended or withdrawn by the 
screw adjustment at the top of the coaxial stub. It should be clear from 
the discussion in Sec. 8-4 that any further adjustments would be 
redundant; the characteristics of the probe are entirely determined by Gp 
and Bp. 

Certain other features of the instrument of Fig. 8T1 are worth noting. 
The carriage moves on dovetail ways and is driven by a rack and pinion 
with an intermediate idler gear whose chief function is to make the sense 
of the motion the natural one. The short auxiliary guide to w^hich the 
probe couples is provided with a mount for a cartridge crystal rectifier; 
an interchangeable fitting allow s r-f pow er to be led off through a suitable 
cable to a remote rectifier or mixer, if desired. The attachment for this 
purpose is shown in Fig. 8T2. Finally, the slotted guide itself is made 
of two blocks joined together; these blocks can be cut from the same milled 
section, which ensures a highly symmetrical guide and slot. A photo- 
graph of the complete instrument is shown in Fig. 8T3. 

Figure 8T4 shows in cross section the probe assembly belonging to a 
10-cm coaxial slotted section. The probe w^as designed for the measure- 

* The basic wavelength is the free-space wavelength, where excitation of the gap 
by the probe current in concerned, because the mode excited in the gap transmission 
line corresponds nearly to the dominant mode in a parallel-plate transmission line 
with open sides. 



Fig. 8T2. — Attachment for stand- 
ing-wave detector shown in Fig. 8*11 
to allow r-f power from the probe to be 
sent through a cable. 
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ment of very small reflections in a line of unusually small diameter 
(A “•) ; it therefore had to meet exacting requirements. 

The internal dimensions of the guide in a waveguide slotted section are 
usually determined in advance by the existence of standard guide dimen- 
sions for the frequency range to be covered. In any case the limitations 
are identical with those which apply to waveguide in general, namely, the 
dimensions must be small enough to exclude the possibility of propaga- 
tion by higher modes at the short-wavelength end of the range, and yet 



Fig. 8*13. — Standing>wav^ detector for 3.2-cm wavelength. 


large enough to be comfortably far from cutoff for the longest wavelength. 
In coaxial slotted sections the upper limit of size is set by the occurrence 
of the lowest mode other than the principal coaxial mode. This next 
higher mode must be guarded against more carefully in slotted coaxial line 
than in an ordinary unslotted line, for the presence of the slot represents a 
departure from axial symmetry favorable for the excitation of the mode in 
question. The cutoff wavelength for the mode is approximately equal 
to the mean circumference of the line, r{Ri -f- R2), where Ri and R2 are 
the radii of the inner and outer conductor. The true value of K differs 
from w{Ri -f R2) by less than 3 per cent for 1 g R2/R1 ^ 16 . 

The support of the inner conductor in a coaxial slotted section poses a 
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problem which is already familiar, to the microwave engineer but which is 
particularly acute here ^ce, as has been seen, the accuracy of the stand- 
ing-wave measurements depends to a large degree on the uniformity of the 
cross section. Three methods of support for the inner conductor should 
be mentioned: (a) support by low-reflection beads, or insulators at either 
end of the section; (6) support by X/4 stubs; (c) support by the device 
under test, or ‘^cantilever” sup- 
port. In every case the require- 
ments of low reflection are most 
severe at the load end of the line; 
as has been shown in Sec. 8*4, the 
effect of a mismatched generdiovy 
which would be equivalent to a 
reflecting support at the generator 
end, is small. 

Method (c) is /a rough^nd- 
ready method suitable for meas- 
urement of low preoision. 

Quarter-wave stubs provide rigid 
support if the line diameter is not 
too small compared to the stub 
length. Broadband stubs (see 
Vol. 9 Sec. 4*4) are used in most 
cases; the frequency sensitivity of 
an uncompensated X/4 line would 
be objectionable. The 10-cm in- 
strument in Fig. 8- 15 has a stub- 
supported center conductor, and 
is provided in addition with an ad- 
justable two-stub transformer by 
means of which residual reflections 
between slotted section and load 
can be matched out. Less use 
has been made of reflectionless 

. , , 1.11 . . ..1 8*14. — Cross section of 10-cra probe. 

insulators, which, beginning with 

a simple half-wave bead, can be elaborated, with varying degrees of 
frequency compensation. 

Finally, attention must be paid to the junction between the slotted 
section and the device under test. The limit of accuracy in the measure- 
ment of standing-wave ratios near unity is often set by the small reflection 
from an imperfect junction. For extremely precise work in waveguides, a 
tightly clamped butt joint between ground flat surfaces, with some posi- 
tive means for alignment, is probably the best solution. For most 
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measurements the standard guide coupling, whatever it may be, is of 
course preferred, for convenience. 

8*6. Detectors and Amplifiers. — The power that is diverted from the 
slotted line by the probe ultimately causes deflection of a meter or an 
oscilloscope trace. The important characteristics of the apparatus by 
which the conversion from r-f power to meter deflection is accomplished 
are (1) the over-all sensitivity of the detecting system, and (2) the response 
law, that is, the nature of the function that connects probe power with 
meter reading. The problem is not the same as that of r-f power measure- 



ment although in principle any of the methods for al^solute power measure- 
ment described in Chap. 3 are applicable. The difference is that relative 
power measurements only are required and these must be made rapidly 
and conveniently. 

High sensitiyity is an advantage that can be utilized in several ways. 
Obviously, the output power required of the generator depends inversely 
on the sensitivity of the detecting system. But even if the output power 
of the generator seems adequate, it may be desirable to isolate the gener- 
a^r from the line by attenuating pads in order to avoid frecjuency changes 
caused by a changing load, or to satisfy the condition Go = 1, or both. 
Also, the errors attributable to the presence of the probe in the line rapidly 
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become smaller as Gp^ and hence the power available from the probe, 
are reduced. Finally, the measurement of large standing-wave ratios 
taxes the sensitivity of the system because the amplitude of the field in the 
line near a voltage minimum is very small compared to the amplitude 
observed with the same generator power when the load is matched. 

Whatever the form of the function connecting the probe power with 
the meter indication, the standing-wave patterns obtained with the system 
can be interpreted if the system has been calibrated over the range of 
probe power covered by the measurements. A calibration can be 
obtained, for example, by terminating the slotted section in a short cir- 
cuit and recording the meter reading as a function of probe position. The 
variation of probe power with distance is especially simple in this case; it 
is described by sin^ {2TrXp/\g)y if Gp can be neglected, or, in the next higher 
approximation by 

P, « sin* ^ 

In each case Bp has been assumed to be zero. It is then a straight- 
forward procedure to construct a calibration curve by which subsequent 
measurements can be reduced to some selected basis. 

The question of the response law is thus one of convenience only. 
Nevertheless, the inconvenience of the procedure just outlined is formida- 
ble, particularly if the calibration has to be repeated for different ranges 
of probe power, and repeated again after any significant alteration in the 
detecting and amplifying system such as replacement of a crystal detector. 
Most workers have therefore preferred detectors, or detector-amplifier 
combinations, for which the response, if not accurately proportional to the 
probe power, is at least a simple function of the probe power over a vdde 
range. For example, it may be possible to represent the final meter 
deflection D fairly accurately over some range by a simple power law, 
such as 

D = fclA + B\^y (21) 

where A and B represent the amplitudes of the waves in the line, as in 
Sec. 81, and ^ is a constant. If is very nearly 2, the response is said to 
be approximately square law in the range in question. Even if the square 
law is only approximately obeyed, it may be permissible to assume jit = 2 
when dealing with standing-wave ratios near unity. It is easy to see that 
the error made in supposing that /la = 2 when the response, in fact, should 
be represented by /li = 2.3, for example, increases rapidly as the standing- 
wave ratio r increases. 

Detector and amplifier systems that have found general use in micro- 
wave standing-wave measurements can be grouped in three categories, 
more or less in order of increasing sensitivity and complexity. 
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1. Unmodulated source; crystal detector followed by d-c meter or d-c 
amplifier and meter. 

2. Modulated source; crystal detector or bolometer, followed by a 
narrow-band amplifier at the modulation frequency. 

3. Unmodulated source; superheterod 3 aie receiver employing crystal 
mixer, local oscillator, and second detector. 



.R f power in watts 

Fig. 8-16. — The rectification properties of a silicon crystal at 3300 Mc/sec. 

A crystal rectifier connected to a suitable meter is perhaps the simplest 
indicating device. The sensitivity that can be achieved with standard 
microwave crystals is of the order of 1 of rectified current (into a low- 
impedance load) for 1 /xw of r-f power absorbed in the crystal. The 
rectified current is in most cases very nearly proportional to the power 
absorbed for powers not greater than a few microwatts, but the response 
law of a new crystal should be checked before accurate measurements are 
undertaken. The r-f impedance of the crystal is substantially inde- 
pendent of the power level below a few microwatts, and it may be assumed 
that the response law is not affected by tuning the r-f parts of the probe 
circuit. 
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Figure 8*16 is a graph of the characteristics of a silicon crystal rectifier 
at 3300 Mc/sec. It will be observed that the response is nearly square- 
law below 10 /iW. The sensitivity of this particular sample is however not 
typical of the best obtainable since it is considerably less than 1 amp/ watt. 
The crystal types which are preferable as detectors are those selected for 
this property: types 1N27 and 1N32 for 10 cm, types 1N30 and 1N31 for 
3 cm. 

The meter that measures the rectified current should have a sensitivity 
of 10 na, for full-scale deflection, or better, not more than a few hundred 



Fio. 8*17. — A galvanometer-amplifier; in effect, a microammeter of very low input resist- 
ance. 

ohms resistance, and a reasonably short period. Galvanometers of the 
taut-suspension type which satisfy these requirements are available com- 
mercially. A sensitivity of 1 full scale, with a period of about 3 sec, 
can be obtained in an instrument rugged enough for general laboratory 
use. 

Much higher current sensitivity could be provided by a conventional 
d-c amplifier, but the crystal is not a constant-current source. Reference 
to Fig. 8‘16 shows that the maximum open-circuit voltage obtainable 
under the power limitation imposed is only a few millivolts. Little is to 
be gained therefore by using a direct-coupled d-c amplifier. 

A device that avoids the well-knoAvn limitations of the conventional 
amplifier is the galvanometer-amplifier, the circuit of which is shown in 
Fig. 8*17. The input current, in this case the rectified current from the 
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crystal, tends to deflect the mirror of the galvanometer that is connected 
across the input terminals. Deflection of the mirror alters the light 
distribution on the double photo-cell, which displaces the grid potential 
of the amplifier tube. The output current of the tube is connected back 
in such a way as to restore the galvanometer to its zero position. The 
negative feedback is so strong that the current through the galvanometer 
remains negligibly small at all times. Very nearly all of the input cur- 
rent, therefore, flows through the tapped resistance at the left; the poten- 
tial difference between the input terminals is practically zero, and the 
input and output currents are related by a constant factor depending 
only on fixed resistances. An additional capacitive feedback path of 
higher gain is provided to eliminate hunting in the servo system. The 
device is, in effect, a microammeter of high sensitivity and zero resistance. 
The response time is that of the output meter ; the natural period of the 
galvanometer plays no role whatever. A discussion of the galvanometer- 
amplifier, and modifications thereof, can be found in Vol. 18 Sec. 12T6. 

Modulation of the r-f source makes it possible to use a-c amplification 
of the signal from the probe. How modulation can be' applied to a micro- 
wave oscillator has already been explained in Chap. 2. For standing- 
wave measurements the percentage of amplitude modulation should be 
large, but frequency modulation is to be avoided, for a frequency change 
displaces the standing- wave pattern along the line. Therefore ‘^on-off” 
modulation, with a square modulation envelope, is preferred. The 
modulation frequencies ordinarily used are in the audio-frequency range. 
The difference in frequency between the resulting modulation sidebands 
and the carrier is entirely negligible, in contrast to frequency differences 
of many megacycles per second which may arise from changes in the 
applied potentials of the oscillator during operation. 

Demodulation of the signal picked up by the probe can be effected in 
various ways. A crystal detector can be used, connected directly to a 
tuned audio-frequency amplifier. A bolometer can also be used if the 
response time is not too long compared to the modulation period. A 
suitable type is the fine-wire barretter described at length in Chap. 3. A 
voltage is applied to the barretter from a d-c source; the temperature 
changes caused by the absorption of r-f power in the barretter wire are 
manifested as periodic changes in resistance, and consequently the cur- 
rent through the wire has a component at the modulation frequency. If 
the temperature change during each cycle is small, the response is accu- 
rately square-law, which is one of the principal advantages of the barretter 
over the crystal. In addition to this advantage, the barretter is less 
vulnerable to burnout by high pulse power, and is therefore always to be 
preferred to the crystal when the modulation has the form of short, widely 
spaced pulses. 
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A tuned amplifier that has been used successfully in conjunction with 
both crystals and bolometers is shown in Fig. 8- 18. The tuning has two 
advantages; it not only eliminates much extraneous interference, but 
reduces the effect of any frequency modulation that may occur during the 
rise and fall of the modulating square wave. If neither the rise nor the 
fall of the modulating voltage that is applied to the source occurs instan- 
taneously, a brief period of oscillation at a frequency other than that pre- 
vailing during the main portion of the on period may sometimes be 
observed during the rise, and again during the fall. This spurious signal, 
after demodulation, will have its strongest component at twice the modula- 
tion frequency, if the on and off periods have equal length, and will be 
suppressed, relative to the fundamental, in the tuned amplifier. The fre- 
quency selectivity of the amplifier of Fig. 8T7 is provided by a twin-T 
feedback network applied to the second stage. For a discussion of the 
principles governing the design of twin-T feedback amplifiers, the reader 
is referred to Vol. 18, Chap. 11. The circuit of Fig. 818 has been carefully 
designed to avoid ground currents that might result from indiscriminate 
grounding of points nominally at ground potential. 

Sensitivity far exceeding that of the methods so far discussed can be 
achieved with a “double detection” system, that is, a microwave super- 
heterodyne receiver consisting of a crystal mixer, local oscillator, i-f 
amplifier, second detector, and some form of indication. The spectrum 
analyzer described in Chap. 7, which is basically just such a receiver, is 
ideal for the purpo.se. At least up to the second detector the response of 
the system is accurately proportional to the input signal power. The 
excellent power sensitivity, however, (of the order of lO”*’ watt ultimate 
sensitivity) allows the problem of the response law to be avoided, or, 
more precisely, to be transferred to an r-f attenuator. The power picked 
up by the probe is transmitted through an adjustable attenuator to the 
input terminals of the spectrum analyzer. A reading is taken by adjust- 
ing the attenuator to bring the, final output indication to some chosen 
reference level. A standing-wav'e ratio is thus determined directly by the 
difference between two settings of the attenuator. A wide range, in 
decibels, is available, and consequently high standing-wave ratios can be 
measured reliably. The attenuator is usually of the waveguide-beyond- 
cutoff type (see Chap. 11) and requires no calibration. It is the rather 
high minimum attenuation of such absolute attenuators which restricts 
the application of the method to systems of high sensitivity. 

It is characteristic of the spectrum analyzer that the frequency of the 
local oscillator is continually swept over a range of many megacycles per 
second. In the application under discussion, this feature makes accurate 
tuning of source to receiver, or vice versa, unnecessary, and provides 
incidentally a continual check on the spectral purity of the source. 
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The methods so far described are not the only ones which have been 
or could be used, for, as mentioned at the beginning of this section, the 
only essential requirement is the measurement of relative power at micro- 
wave frequencies. For example, the thermistor bridge discussed in Chap. 
3 is well suited for standing-wave measurement in some circumstances. 
The task of reviewing each of the power-measurement methods discussed 
in Chap. 3, with a view toward their application in standing-wave 
measurement is, however, left to the reader. 



Fig. 8-19. — Assembled appanitus for standing-wave measurement at 10-cm wavelength. 
The amplifier is the twin-T amplifier whose circuit diagram ai)pears in Fig. 8*18. 


A typical assembly of equipment for standing-wave measurement in 
coaxial line is shown in Fig. 8*19. The unit at the upper left provides 
square-wave-modulated r-f power from a 10-cm klystron. The power is 
transmitted by cable to a coaxial Avavemeter and thence to the slotted 
section. The tuning stubs in the slotted section are used here to match 
the generator to the line. The device under test appears at the right. 
The rectified crystal current is led to the twin-T amplifier at the upper 
right. 

8‘7. Matched Loads and Other Accessories. — As in many other 
experiments it is helpful and sometimes necessary to check the standing- 
wave instrument, and the technique, against a standard. The calibration 
of a crystal by means of a short-circuit termination has been mentioned 
in the preceding section. A somewhat similar procedure was suggested 
in Sec. 8*4 as a means by which the magnitude of the probe susceptance 
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Bp could be found. In each case a short-circuit termination, ideally one 
without loss, is required. If, as in those two cases, the termination need 
not be movable, a short length of guide or coaxial line closed by a soldered 
end-cap is adequate. In other cases a movable short circuit, that is, a 
plunger, is needed. For example, the generator admittance Yg can be 

measured by determining the 
height of the maximum in P, for 
several positions of a terminating 
plunger. 

The design of a plunger that 
is easily movable and yet produces 
a practically total reflection is not 
a simple matter. The problem of 
the design of a plunger is discussed 
at length elsewhere (Vol. 9 Chap. 
8). The most successful wave- 
consisting of an anti- guide plungers have been thosc in 
which actual fnechanical contact 
between plunger and guide walls, where r-f currents are to flow, is avoided 
by the use of chokes, or traps. In other words, there are no sliding 
electrical contacts. A plunger of this type is shown in Fig. 8-20. Many 
other designs have been tried and it is not easy to select the best. 

A calibrated plunger provides a short circuit whose position is accu- 
rately measurable and which can be used to establish a reference position 
with respect to which the equivalent line length between the probe and 
some other unkno\vn load can be determined. The reflection from a 
noncontact plunger may occur as if it were from a conducting plane 
slightly displaced from the actual plunger face. For very accurate work 
the difference must be taken into account. 

A matched load is the standard of reference when standing-wave ratios 
near unity are being measured^. At microwavelengths, fortunately, a 
tapered absorber is not inconveniently long. A tapered load that has a 
very small reflection coefficient can be fashioned from almost any lossy 
material, such as wood, hard rubber, or any of the special materials devel- 
oped for microwave absorbers if the taper is made several wavelengths 
long and the onset of the absorption at the input end of the absorber is 
very gradual. If somewhat more care is taken the over-all length of the 
absorber can be reduced (see Chap. 12). 

The reflection coefficient of the absorbing load is easily measured if the 
absorber can slide along within a uniform guide or line. This is easily 
arranged in the case of the tapered loads mentioned. With a fixed probe, 
and constant generator power, variations in probe power which are 
observed as the load alone is moved can only be caused by a reflection 
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from the load. Thus, small reflections from connections, from the end of 
the slot, or other irregularities cannot mask the small reflection from the 
load itself, and it is possible by repeating this test after judicious altera- 
tions in the shape of the tapered load to arrive at a very well-matched 
condition with the reflection coefficient of the load less than 0.01. Such 
a load can then be used to check the uniformity of probe coupling along 
the slot, the reflection from connectors, and other disturbances which may 
interfere with the measurement of very small reflection coefficients. 

8*8. Measurement of High Standing-wave Ratios. — The standing- 
wave ratio r increases rapidly as the reflection coefficient of the load 
approaches one. If lr| = 0.9, 
r = 19 and r^, the ratio of maxi- 
mum to minimum probe power, is 
almost 400. To measure di- 
rectly by any of the methods 
previously described, other than 
the one that makes use of a spec- 
trum analyzer and an r-f attenu- 
ator, is almost out of the question. 

The range over which the detector 
would be required to respond ac- 
cording to an accurately deter- 
mined law is too great. There is, 
however, another procedure by 
which can be determined from 
measurements in a restricted pow- 
er range. The procedure, in short, consists in examining the standing- 
wave pattern in the immediate neighborhood of a voltage minimum. 

In the neighborhood of a minimum, if Gl < 1, tan 9 in Eq. (13) can be 
replaced by l/(7r/2) — 6, If the angle (7r/2) — ^ is denoted by P, after 
substitution is 

p ^ GAOj + <i>r 

[0^(1 + Gl+ Gp) + Gl(1 + Gl+ GpGl)]^+ (1 — G|)</)+ BpGlY 

( 22 ) 

To consider the simplest case first, suppose that Bp = 0, Gl 1, Gp 1, 
and take only terms of the lowest order in Gl, Gp, and </>. Equation (22) 
then becomes simply 

P. oc G* + <#>1 (23) 

The curve of P, versus probe displacement (measured by 4) is a parabola, 
the solid curve in Fig. 8*21. Measurement of P, at three positions suffices 
to determine the parabola. A method that is often used is to measure 
P, at the minimum, that is, Pi in Fig. 8*21, then to determine the width 



Fig. 8*21. — Variation of probe power in the 
neighborhood of a minimum. 
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of the curves between points of twice the minimum height, 
case, Eq. (23) yields directly 

fi. . 1 = 


In this 
(24) 


In terms of the directly measured probe displacement Axp between points 
of twice minimum value 


Gl = 


1 _ irAXp 

r \g 


(25) 


For example, if the separation so measured is O.OIX^, r = 32 is obtained. 

The inclusion of higher-order terms modifies Eq. (23) only slightly, as 
does the effect of finite probe susceptance, which will be considered first. 
If Bp is no longer neglected, the following is derived from Eq. (22), instead 
of Eq. (23) ; 

P. “ (Gl + <t>^) (l - (26) 

For the range of 4> involved in the twice-minimum procedure, \<t>\ ^ Gl. 
The correction term 2BpG\4>/{G\ + <l>^), therefore, does not exceed BpGi. 
‘Moreover, this correction term is an odd function of </> and the effect is 
merely to distort the pattern as indicated by the dotted curve in Fig. 8-21, 
without changing (except in a still higher approximation) the separation of 
the twice-minimum points. Thus, the effect of probe susceptance upon 
the measurement of r by this method is, in practice, negligible, even 
though Bp may be as large as unity. 

The correction for terms of higher order in (?l and Gp is also small. A 
calculation based on Eq. (22) shows that a determination of Gz, by the 
twice-minimum procedure using Eq. (24) leads to a result which is too 
large by the factor [1 + Gld + Gp)]. The error in Gl, or in r, is, there- 
fore, less than 1 per cent for Gl < 0.14 (r > 7) if Gp « 1. It may be 
noted at this point that the error made in replacing tan 6 hy 1/0 is also 
less than 1 per cent for r > 7 and is in the direction to make the measured 
value of Gl too small. 

Since the correction term G\{1 -f* Gp) is not significantly larger if Gp 
is made fairly large, strong 'probe coupling is permissible. This makes the 
demands on the sensitivity of the detector less severe. In fact, a 
condition as extreme as Gp = 1, Bp = 1 is not objectionable. 

By the procedure just outlined, the necessity of measuring the probe 
power at widely different power levels is avoided. On the other hand, the 
method requires accurate measurement of small probe displacements. If 
many measurements of this type are contemplated^ it may be worth while 
to construct a special slotted section equipped with a micrometer drive 
operating over a short distance. 
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In the measurement of high standing-wave ratios it is not always per- 
missible to neglect, as has been done so far in this chapter, the attenuation 
in the guide or line between the probe and the load. The effect is easily 
taken into account. Suppose that a wave traveling from the probe to the 
load is attenuated in amplitude by the factor /, which can be computed 
readily if the properties of the line are known. If is the measured 
reflection coefficient of the load, the true reflection coefficient of the load F 
is clearly 

r = (27) 

Similarly, the measured standing-wave ratio Vm is related to the standing- 
wave ratio r, which would be observed if the line were lossless, by 


r 4- 1 + f (r ~ 1) 
r+1 -f{r- 1)‘ 


(28) 


A totally reflecting termination (r = oo) at the end of a line causing 
attenuation will give rise to a standing-wave ratio 


+ 1 

1 -f* 


(29) 


Thus the attenuation in a line or guide can be found by measuring 
the standing-wave ratio at the entrance to a section of the line which is 
terminated in a short circuit. The method described in this section is well 
suited to this particular problem. Similar problems arise in the investiga- 
tion of dielectrics at microwave frequencies (see Chap. 10). 

8*9. The Squeeze Section. — If the generator is matched {Yg = 1), 
the probe power depends not upon A"g, the distance between generator and 
probe, but only upon Xl, the distance between probe and load (Sec. 8T). 
For that reason, it is possible to ignore the change in Xa which accom- 
panies the change in Xl as the probe is moved. Obviously, then, the 
same variation in probe power would be observed if Xl were changed 
without changing Xg, that is, if the length of line between the load and a 
fixed probe were varied. A coaxial transmission line of variable length is 
a rather cumbersome affair involving telescoping joints. In waveguide, 
however, the dependence of phase velocity upon the mdth of the guide 
makes it possible to achieve an equivalent result by very simple means. 
A small change in the width of the guide changes also the electrical 
length. 

A guide of variable width can be made by cutting a long narrow slot in 
each of the broad sides of an ordinary rectangular waveguide. The width 
is varied by squeezing the split guide, and the device is usually called a 
squeeze section. The change in width is not the same at all points of 
course, but is greatest at the midpoint of the section where the squeezing 



508 


MEASUREMENTS OF STANDING WAVES 


[Sec. 8*9 


constraint is applied and decreases toward either end of the slot. This 
effects a very gradually tapered transition, and is just what is needed to 
avoid reflections. In every cross section taken through the squeezed guide 
the slots will be centrally located, if they were so originally; hence the 
loss of power through the slot will be negligibly small as explained in Sec. 
8*3. Thus the squeeze section, simple as it is, fulfills the requirements of 
an ideal line stretcher in all respects but one — the relation between the 
squeezing displacement and the resulting change in electrical length is 
only approximately linear, and cannot be easily computed with great 
accuracy as it depends on the shape assumed by the stressed guide. 



Fig. 8*22, — Squeeze section for 1.25-cm wavelength. The scale marks arc inches. 


A squeeze section designed for 1.25-cm wavelength is shown in Fig. 
8*22. The squeezing is accomplished by links through which passes an 
eccentric shaft with a knob. The mechanism ensures that the guide will 
neither be squeezed nor dilated beyond fixed limits, but of course intro- 
duces further nonlinearity in the connection between the motion intro- 
duced by the operator and the change in electrical length thereby effected. 
Other examples use a screw drive, which is better adapted to calibration; 
in the simplest of these the elasticity of the guide itself is relied upon to 
expand the guide as the screw pressure is relaxed. 

Standard 1.25-cm guide (0.420 in. inside width) is so wide that a 
relatively large change in width is needed to produce a considerable 
change in For this reason, the section shown in Fig. 8*22, although 
made from standard guide, is actually reduced in width, even in its 
relaxed condition, over most of the slot length. This is accomplished 
in manufacture by cutting preliminary slots, then annealing the guide 
near the ends of the slots and squeezing the slots shut irreversibly by forces 
applied near the ends. The slots are then milled out to a final width of 
1 ^ in. If it is important to conserve length, as in this case, the internal 
width of the squeeze section, in its relaxed condition, should be 0.70 to 
0.75Xo, as a general rule. 

For the purpose of preliminary design the electrical length of a 
squeezed guide can be estimated roughly by assuming that over the length 
of the slot it is equivalent to a uniform guide whose width is the arithmetic 
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average of the actual widths at the center and at the end of the slot, 
respectively. A squeeze section made from standard 1.25-cm guide (not 
^*pre-squeezed” as was the one in Fig. 8-22) with 0.0625-in. slots 10 in. in 
length changed in electrical length by 5.24 radians when squeezed shut at 
the center. This figure is the result of a direct measurement at 
Xo = 1.25 cm. The approximate method of calculation recommended 
above predicts a change of 4.65 radians. 

For the use of the squeeze section in standing- wave measurements, the 
section is connected between the load and the probe shown in the diagram 
of Fig. 8-23. The probe is fixed and usually consists merely of a small 
hole coupling to a branch guide that is soldered to the main guide and 
terminated in the detector. The admittance of a probe of this type is 
adjustable only by tuning the 
branch guide; usually no provision 
is made for such tuning. More 
elaborate coupling circuits could 
be used instead; the hole has the 
advantage of simplicity and of a 
predictable admittance. With Fig. 8-23. — a diagram illustrating the use of 
the generator matched the ratio of ^ squeeze section. 

maximum to minimum probe power, observed as the electrical length of 
the squeeze section is varied, is the standing-wave ratio r. 

The yhase angle of the reflection coefficient of the load is not so easy to 
find. Perhaps the most direct method is the following: Adjust the squeeze 
section to minimize the probe power. Then replace the load with a 
plunger, and move the plunger to reduce the probe power to zero. The 
plunger is now an integral number of half wavelengths from the probe, 
and the distance between the plunger face and the former position of the 
load is equivalent to X^in in the traveling-probe type of measurement. 

It must be emphasized that the requirement of a matched generator is 
much more stringent here than in the traveling-probe method. There 
the load in the generator changed as the probe moved only because of a 
finite probe admittance Fp. Here the distance between the generator 
and Ae load Fi, is changing and the error caused by a mismatched gener- 
ator vanishes only as Fl 1. The method is for that reason best suited 
to the examination of nearly matched loads, as in routine testing of 
components that must satisfy some specification of maximum allowable 
standing-wave ratio. 

The squeeze-section method has been highly refined by N. I. Korman^ 
and applied to the measurement of very small reflection coefficients. 
The reader is referred to his report for further analysis of the method and 

^ N. I. Korman, “A Precision Standing-wave Detector for Waveguides, RCA 
Report TR-12-C, Nov. 27, 1942. 
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for important variations in the method, including the use of a squeeze 
section on either side of the probe. 

8*10. Standing-wave Measurements at High Power. — In testing 
pulsed microwave transmitters and also in testing many microwave 
transmission systems during actual operation, or under conditions resem- 
bling actual operation, it becomes necessary to measure the standing-wave 
ratio in a line in which the pulse poAver is very high. Certain problems 
which arise deserve mention in this chapter. 



Fig. 8*24. — High-power standing-wave detector. 

In the first place it is clear that the requirements on the detecting 
system are now rather different. Extreme sensitivity is not needed. 
Instead a detector is required which will withstand relatively high pulse 
power but will show adequate response to much lower average power. A 
bolometer or a thermistor bridge may be used, for example, coupled in 
either case very loosely to the line ((7p <3C 1) and perhaps protected addi- 
tionally by an attenuating pad in the probe circuit. 

The purpose of the test usually forbids the use of an attenuating pad 
at the generator end of the line. Therefore, the errors which may be 
caused by a mismatched generator must be guarded against. 

The chief difficulty, however, is voltage breakdown, or sparking, at 
the probe or slot. The conventional probe is a fine wire projecting slightly 
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into the guide at a point where the electric field is most intense; there is 
also a concentration of the field at the inner corners of the slot and at the 
ends of the probe shield. The usual slotted section, in other words, is not 
designed to transmit high power, and will break down electrically at a 
power level considerably lower than that which regular transmission- 
line components will withstand. 

The only steps which can be taken to raise the breakdown limit, as long 
as the conventional design is adhered to, are the obvious ones of enlarging 
the dimensions and rounding the corners of any necessary projections, 
rounding the edges of the slot, and so on. If these precautions are not 
enough it may be necessary to devise a traveling probe of different type. 



Coupling hole — 

Sliding contact^^ 

cl. 
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■ 
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Fio. 8' 25. — Cross section of high-power standing-wave detector. 


One such design has been worked out with notable success by A. Nord- 
sieck of the Columbia Radiation Laboratory. 

Nordsieck's instrument, shown in Fig. 8*24, is a radical departure from 
previous methods in this respect: the part that travels includes the whole 
top surface of the waveguide. The probe is merely a small hole in this 
surface connecting to a branch guide and thence to a detector. In order 
to bring the inner surface of the guide up to a level accessible to this 
cover plate” (see Fig. 8-25) the guide makes two jogs. Each jog is 
designed to be reflectionless, or nearly so, by spacing successive bends 
Xj,/4 apart. 

The crucial problem raised in this design is that of electrical contact, 
for now the sliding part makes contact with the main body of the guide 
at a point where the current flow is large. This problem was solved by 
providing hard, smooth, extremely flat surfaces on the contact members. 
The surfaces were ground, chromium plated, and lapped, to a tolerance of 
0.0002 in. in flatness. It was found possible to obtain a smoothly sliding 
joint that displayed no sparking at powers up to 100 kw and behaved in 
other respects as a perfect electrical contact. 

8*11. Continuously Indicating Standing-wave Detectors, — It would 
often be helpful to the experimenter if he could see the entire standing- 
wave pattern at a glance, without the necessity of successive measure- 
ments of probe power. If, for instance, he is trying to match the 



512 


MEASUREMENTS OF STANDING WAVES 


[Sec. 8-12 


terminating device by means of tuning adjustments, after each adjustment 
a new measurement of r must be made. It does not suffice merely to set 
the probe at a minimum and then maximize the meter reading by tuning 
adjustments (although an adjustment in that direction is a good first 
step) because the adjustments will in general alter the phase as well as the 
magnitude of the reflection coefficient of the load. There is, therefore, 
some reason to desire what might be called an automatic^ or perhaps better, 
a continuously indicating standing-wave detector. There are several 
more or less obvious ways to build such a device, which will be briefly 
described. 

A standing-wave detector employing a continuously and rapidly 
movable probe was designed at the Telecommunications Research 
Establishment. The slotted portion of the main guide followed a semi- 
circular arc, the plane of the circle lying in the plane of the electric field in 
the guide. The slot was in the inner face and continued a short way 
beyond the ends of the semicircular arc. This allowed a probe mounted 
on an arm extending from the center of the arc to move into the slot at one 
end, travel around the semicircular arc, and emerge from the slot at the 
other. The probe arm revolved continuously and the rectified crystal 
current was led to an ordinary oscilloscope upon which the standing-wave 
pattern was displayed. 

A device designed by G. E. Mueller, of the Bell Telephone Labora- 
tories employed a long squeeze section bent into a hairpin shape and 
vibrated rapidly by a cam arrangement. Again the detector output volt- 
age could be displayed on an oscilloscope. 

H. E. Kallmann of the Radiation Laboratory has described an auto- 
matic standing-wave detector^ in which rapid ‘Mine stretchings^ was 
accomplished by a rotating dielectric disk which dipped into the wave- 
guide through a slot. The waveguide was bent into a circular arc, 
permitting a considerable length of the periphery of the disk to be used. 
This instrument included a special peak-voltmeter circuit, the output 
voltage of which depended on the difference between maximum and 
minimum probe power. A single meter was calibrated to read r directly 
after a preliminary normalizing procedure. 

8*12. Measurements on Lossless Devices. — Many microwave circuit 
elements can be treated as lossless devices that serve to connect together 
two or more uniform waveguides or transmission lines. A junction 
of waveguides, for example a waveguide T, is such a device. A tran- 
sition between a waveguide and a coaxial line, a tuning post, an inductive 
iris, the series-parallel T described in Chap. 9, are other examples. Each 
of these is equivalent to an electrical network having n pairs of terminals 

* H. E. Kallmann, ^^Matchmeter,” RL Report 706, Apr. 9, 1946. 
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when n is the number of transmission lines or waveguides connected 
together by the device.^ It has been found possible, and convenient, to 
describe the electrical properties of such a device at a single frequency by 
an equivalent circuiij an n-terminal-pair network made up of lumped 
impedance elements. The representation of a lossless device will of 
course contain reactive elements only. In many cases the form of an 
appropriate equivalent circuit can be deduced from general theoreti- 
cal considerations but the magnitude of the elements usually cannot be 
found without solving a complicated electromagnetic boundary-value 
problem. Then arises the problem of determining the value of the 
equivalent-circuit parameters experimentally by suitable measurements. 
It is the purpose of this section to call attention to a method which is 
especially well suited to the purpose. 

A representation of some given device will contain a limited number of 
parameters. A lossless two-terminal-pair device (sometimes called a 
four-terminal device) requires for its description three parameters, which 
might be the elements of an ecjuivalent T-, or those of an equivalent 
TT-network; other representations are possible, also, but in every case three 
quantities have to be determined by measurement. A way in which this 
might be done is to find the input impedance at one terminal pair by 
means of a standing-wave measurement for each of three arbitrarily 
selected terminating impedances. The information obtained would 
suffice to fix the circuit parameters with an accuracy which would depend 
on the accuracy of the standing-wave measurement, and upon the way in 
which the various values of the terminating impedance were chosen. 

Now the device itself is los.sless, and advantage can be taken of this 
circumstance by making the terminating impedance a pure reactance in 
each case. The input impedance is necessarily a pure reactance also, 
the standing-wave ratio is infinite, and the standing-wave measurement 
consists merely in locating the minimum 'position. When the standing- 
wave ratio is high, it is ea.sy to locate the minimum with precision, and the 
true minimum position coincides with the apparent minimum position 
even for strong probe coupling (Sec. 8 8). The response law of the 
detector, which is the chief source of uncertainty in the measurement of 
finite standing-wave ratios, has no influence on the measurement. Also 
it should be noted that the reactive termination of the circuit under test is 
the easiest sort of known, variable termination to provide. All that is 
needed is a calibrated plunger (Sec. 8-7). 

When the circuit possesses more than two terminal pairs, the procedure 
is to terminate all but two of these in plungers which for the time being are 
left fixed. The resulting two-terminal-pair device is then examined by 

' It is assumed here that in each of the lines or guides only one propagating mode 
can exist. A guide carrying two modes must be counted as two terminal pairs, 
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the method already described, and from these measurements three num- 
bers, in general, are derived. The process is repeated for other settings 
of the plungers that terminate the remaining pipes until enough infor- 
mation has been acquired to fix the values of all equivalent-circuit 
parameters. 

The deduction of the circuit parameters from the measurements of 
minimum position vs plunger setting deserves more attention than can be 
allotted to it in this chapter, which is concerned only with standing-wave 
measurements. Of the numerous procedures that might be followed, one 
or two are superior in affording not only maximum accuracy and con- 
venience, but a thorough check on the internal consistency of the data. 
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IMPEDANCE BRIDGES 

By Louis B. Young^ 

A multifrequency impedance bridge provides simultaneous indications 
of the power reflected from some test piece at three or more frequencies. 
Such a device is extremely useful in the development of r-f components 
which must be well matched over a wide range of frequencies. For exam- 
ple, power detectors such as thermistors are not exactly reproducible in 
their r-f characteristics and so are mounted in holders that have two or 
three tuning adjustments. When a slotted section is used in the matching 
procedure, the mount is tuned for an optimum midband match, and then 
is checked at the band extremes. If the match is not acceptable at one 
extreme, it is difficult to make an improvement without adversely affect- 
ing the match at the opposite extreme. Another measurement is neces- 
sary to check this effect, and the procedure becomes one of successive 
approximations. On the other hand, when an impedance bridge is used, 
an optimum match across the band is readily achieved since the 
effects of tuning may be visualized simultaneously at three or more 
frequencies. 

An impedance bridge consists of three groups of components: r-f 
sources, the bridge element, and the detector-indicator. Of these, the 
bridge clement is the most interesting since it must couple to the detector 
only that power which is reflected from the test piece. Although both 
side-outlet T’s and directional couplers can satisfy this requirement, the 
T is preferred because its selective properties result from symmetry and 
hence are not frequency-sensitive, an important consideration for multi- 
frequency bridges. In addition to the discrimination requirement, the 
bridge element must be matched looking back from the test piece, and the 
coupling to the detector must be independent of the phase of the wave 
reflected from the test piece. In the case of the side-outlet T, techniques 
that match it over a wide frequency range also tend to introduce asym- 
metry and hence impair discrimination. Accordingly, the design of prac- 
tical impedance bridges often effects a compromise between the errors 
resulting from asymmetry and mismatch. 

' The author is indebted to W. E. Waller for assistance in preparing the material 
that describes bridge elements and basic measuring techniques. 
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BRIDGE ELEMENTS 

9-1. The Side-outlet T. — The waveguide side-outlet T consists of an 
-B-plane T and an Jf-plane T arranged as shown in Fig. 9-1. By virtue of 
the symmetrical construction, a wave coupled into arm 3 will divide 
between arms 1 and 2, but will not cross-couple into arm ^ if all arms are 
coupled to matched generators or matched loads. This property may be 
shown qualitatively by coupling coherent generators of arbitary phase to 
arms 1 and 2, The waves that they excite in the waveguide are indicated 

by the solid and dashed vectors, 
respectively. The orientation of 
the vectors is unchanged in the 
process of coupling into the //-arm, 
and the resultant wave amplitude 
is \/2 times the original amplitude 
of the input waves (since even 
power split at a T-junction cor- 
responds to a voltage split by a 
factor \^/2). When the input 
waves are coupled from the side 
arms into the J5J-arm, the vectors 
swing around the corners to pro- 
duce two waves of equal amplitude 
but opposite phase. Hence, there 
is no resultant wave in the S-arm. Now, by reciprocity, if a wave of rel- 
ative amplitude equal to \/2 is coupled into the //-arm, equal^waves of 
unit amplitude and equal phase will be propagated in the side arms, but 
no wave will be propagated in the £-arm. 

By reversing the phase of the generator coupled to arm 2, a similar 
argument will show that when power is coupled into the £-arm, it divides 
between the side arms with no cyoss-coupling to the //-arm. It should be 
noted that the waves propagated in the side arms are of opposite phase. 

By coupling arbitrary generators to the E- and H-arms, the same 
method of argument can be employed to show that there is no cross- 
coupling between the two side arms. This is an important property 
since it means the impedance seen looking into either side arm is a 
function of the and //-arms and is independent of the load on the 
opi>osite side arm. 

^In a bridge element, power is coupled into arm 3 or 4 from the r-f 
sources, and out of arm 4 or 3 to the detector. A matched termination 
is placed on arm 2 and it becomes the reference, arm. The test piece is 
coupled to arm 1 and it becomes the test arm. Since there is no cross- 
coupling between arms 3 and 4, and since no power is reflected from the 
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reference termination, the only power coupled to the detector is that 
reflected from the test piece. When the test piece is matched, the bridge 
is balanced and no power reaches the detector.^ 

However, the simple side-outlet T fails in one respect. Even with 
matched loads on all arms, the impedance seen looking into the test arm 
is not a match. Consequently, when the test piece is not matched, inter- 
action between the T and test piece makes the power delivered to the 
detector dependent on the phase of the test-piece reflection coefficient. 
This trouble can be alleviated by tuning the E- and H-arms so that a 
match is seen looking into the test arm. Unfortunately, this procedure 
does not necessarily result in matches looking into the E- and H-arms, 
a highly desirable property when the T is used with variable attenuators 
that are calibrated for use in a matched line. ^ 

Consequently, it is wise to tune the and H-arms for matches 
looking into them. It is a property of the T that such a matching proce- 
dure automatically results in matches seen looking into the side arms. 
If the resultant T is matched looking into all arms, it is referred to as a 
magic T. 

9‘2. Analysis of the Operation and Properties of Side-outlet T’s. — 

The side-outlet T may be regarded as an eight-terminal network in which 
the four terminal pairs represent the four waveguide arms. The ampli- 
tude of the wave out of any terminal pair may be related to the amplitudes 
of the waves coupled into all pairs by a simple linear combination of these 
input amplitudes, each being multiplied by an appropriate propor- 
tionality constant. For example, 

Eoi = S\iEi\ -f" S\2Ei2 + SuEiz + Si^Ei^y 

where Eoi is proportional to the amplitude of the wave out of the test 
arm, En is proportional to the amplitude of the wave incident on the 
test arm (reflected from the test piece), Sn is the complex reflection 
coefficient seen looking into the test arm, Ei^ is proportional to the 
amplitude of the wave incident on the reference arm (reflected from an 
imperfect reference termination), ^^12 is the complex amplitude transfer 
coefficient between the test and reference arms, and so on for the other 
coefficients. The H^s are proportianal to wave amplitudes by a constant 
which is chosen so that is equal to the incident or reflected power. 
Similar equations can be written for the other three arms, and the like- 
numbered 5 ’s are reflection coefficients whereas the unlike-numbered 
jS^s indicate coupling between two arms. Again it is assumed that all 
arms are coupled to matched generators or loads when the proportionality 
constants are defined. The constants from the output amplitude equa- 
tions may be arranged to form the so-called scattering matrix. Before 
writing the matrix, however, it is useful to examine the effects of sym- 
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metry and reciprocity. From symmetry, 


and 


^11 = ^22^ 
/Si3 = —523, 

5 i 4 = 524. 


From reciprocity, if all lines have the same characteristic impedance, 


and 


512 = 521, 

513 = 531, 

514 = 541, 

523 = 532, 

524 = 542, 

534 = 543. 


Accordingly, the scattering matrix is written 



Sl 2 

5 i 3 

-ShI 

5 12 

Sn 

— 5i3 

5i4 


-SiZ 

533 

SzA 

Si* 

Su 

534 

544J 


This is a unitary matrix of which two theorems are true : 

Theorem I. The sum of the squares of the absolute magnitudes of 
any row or column is equal to unity. 

Theorem II. For any pair of rows (or columns), the sum of the 
products of each 5 in one row (or column) with the conjugate of the 
corresponding 5 in the other row (or column) is equal to zero. 

These two theorems may be applied to the scattering matrix to prove 
six statements that are important for impedance-bridge design. 

Statement I : If a T is matched looking into arms 3 and 4, there is an 
equal power split between arms 3 and 4 for power reflected toward the 
T from a test piece on arm 1. That is, if 

533 = 584 = 0 , 

then 

|5 i 4| = '|5 i 3|. 

This statement is proved by applying Theorem I to columns 3 and 4 of 
Matrix (1). 

Statement II: Even if the and //-arms do not appear matched 
looking into the T, there is no cross-coupling between the E- and //-arms. 
That is, even if 


and 


533 5^ 0 

544 5^ 0, 
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>S84 = 0. 


This statement is proved by applying Theorem II to columns 3 and 4 of 
Matrix (1). 

Statement III: If the E- and //-arms appear matched looking into 
the T, there is no cross-coupling between the side arms, and the side arms 
appear matched looking into the T. That is, if 


then 


and 


Szz = S44 = 0 , 

/S 12 = 0, 

Sii = 0, 

S 22 = 0. 


This statement is proved by applying Statement II to Matrix (1) to give 


r-Su 

Sl2 

Sl3 

<Sl4 

S 12 

S 22 

-Sn 

^14 

Siz 

~^Siz 

Szi 

0 


Su 

0 

-S 44 , 


Application of Statement I and Theorem I to columns 1 and 4 will prove 
that >Si 2 = 0 and >Sii = 0. Application of Theorem I to rows 1 and 2 
will prove that \Sn\ == IS 22 I so that S 22 = 0. 

Statement IV: If a T is matched looking into the side arms, the 
VSWR^s looking into the E- and //-arms are equal, but not necessarily 
unity. That is, if 

^Sii = S22 = 0, 

then 

|*^^33| = |'S^44|* 

This statement is proved by applying Theorem I to columns 3 and 4 
of Matrix (2). 

Statement V: If a T is matched looking into the side arms, there is an 
even power split between arms 3 and 4 for power reflected toward the 
T from a test piece on arm 1. That is, if 

Sii = S22 = 0 , 

then 

\Su\ = I^hI. 

This statement is proved by applying Theorem I to columns 1 and 2 
of Matrix (2). 

Statement VI : If the T is matched looking into the side arms, but not 
matched looking into the E- and /f-arms, there can be cross-coupling 



620 IMPEDANCE BRIDGES 

between the side arms. That is, if 


[Sbc. 0*2 


but 

and 

then 


Sii = Ssa = 0, 
^33 5^ 0 
^44 ^ 0, 

Sx2 9^ 0. 


This statement is proved by applying Theorem I and Statement V to 
Matrix (2) and [aSisI = [Sssl 

When a T is used as a bridge element, it is convenient to assume 
that a matched generator supplies a wave of unit amplitude incident on 
arm 3, that is, Eiz = 1, and that a matched detector is coupled to arm 
4, that is, Ei 4 = 0. If the reference match has a reflection coefficient 
Fm and is coupled to arm 2, then 

Ei2 = TfnEoi. 


If the test piece has a reflection coefficient F^ and is coupled to arm 1, then 

Eii = VtEoi. 


When these values are substituted in the equations defined by Matrix 
(2), the solution of the equations gives the wave amplitude delivered to 
the detector as 


p _ Sl3Sl4(Tm “■ ASilFmFf + ASl2FmFt — F<) 

“ (1 - s.2r„)(i - s„r 7 ) -sflrTiV" ‘ 

If the reference match is perfect, F,n = 0, and Eq. (3) becomes 


1^041 


I^S ul • |*S> i4| • I F^l 


Application of Theorem I to columns 3 and 4 of Matrix (2) gives 


(3) 

(4) 


and 



Substitution in Eq. (4) gives the maximum and minimum values for 
the power delivered to the detector, that is. 




( 6 ) 
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The terms involving and 8 a are not important since they merely 
represent inefficient power transfer if the T is not matched to the gener- 
ator and detector. The power delivered to the detector is seen to be 
proportional to the fractional power reflection, from the test piece. 

If the T is not matched looking into the test arm, however, there will be 
interaction between the T and test piece so that the power to the detector 
is not independent of the phase of the reflection from the test piece. 
This phase error’’ is represented by the term involving iSnFil and is 
illustrated by Fig. 9*2. 
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Tig. 9*2.— Effect of T-mismatch on the measurement of rt. 

If the reference match is imperfect (Fm 9^ 0 ), matters are not so 
simple. The effect of the imperfect reference match can be seen by 
considering a magic T for which Suy S 22 J *^ 33 ; >^44 and Sn are zero. In 
this case Eq. (3) becomes 

E.4 = i(I m - F,), 

and the maximum and minimum values of power to the detector are 
given by 

P = KlFel ± \rm\y. 

If the reference-match VSWR is less than 1 . 02 , and if the VSWR of 
the test piece does not exceed 2 , then |Fj ' |rn,| « 1. Accordingly, the 
apparent standing-wave ratio of the test piece lies between rtr^ and 
ri!rm. 

If the T is nx)t magic, this is still a good approximation for the apparent 
VSWR since the cross-coupling between the side arms and secondary 
reflections from the reference match are small if is less than 1 . 02 . 
It should be noted that, since the phase error results from the mismatch 
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seen looking into the side arms, in practice this error may be increased 
if the generator and detector are not matched to the line. 

9*3. Analysis of the Directional Coupler as a Bridge Element. — A 
directional coupler may be represented as an eight-terminal network as 
shown in Fig. 9*3. The amplitude transfer coefficient between the two 
lines is defined as 


K = 








o4 


with all lines coupled to matched generators or loads. The directive 
property of the coupler is defined as 


d = 


^o4 

EoZ 


when the generator is coupled to pair 1. The reflection coefficient of 


Secondary line 



_ j 

Primary line 


Fig. 9*3. — Directional coupler as a bridge element. 


the slots is Te; that of the reference match, and that of the test piece, 
r<. If the generator and detedtor are matched to the line, 


Since 


Eos = K(Eii -h dEi2). 


EiZ = VmEo 


substitution for Eos gives 


Eiz = YmK{Ei\ + dEi^, 

This wave is incident in the direction of the detector, but is reduced by 
coupling to the primary line and reflection by the slots. If small second- 
ary reflections and couplings are ignored, 

Eg\ =» 


pEiz + KEiz + KdEiij 
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where 

|^|2 = 1 « iK \^ ^ | r ,|2 

for conservation of energy. Also, 


Since 

substitution for Eo 2 gives 


Eo 2 = PEii -|- TcEi2, 


Ei2 = TtE 


o2y 


Eii = 


TtSEii 

1 - TcTt 


Substitution for E^ gives 

Eo, = pT^En + - K)En 

A 1 cl i 


1 - r,r* 


+ KdEiu 


Since the second term is smaller than all others by factors r,d, r„d or 
r„r«, the equation for Eot may be approximated by 

E„, = KEn 

Accordingly, the maximum and minimum values of the voltage to the 
detector are given by 

\EJ. = \K\ • + 1-81 • ir.l + Ml). 

Since \P\ is very nearly unity, the phase error and imperfect-reference- 
match error enter in the same way as in the case of the T. Although 
Fc is much smaller than Su for an unmatched (not magic) T, a T can 
usually be matched so that the phase error is as small as in the case of a 
coupler. The important factor is the term d, which makes the coupler 
undesirable as a bridge element. 

A good directional coupler has a directivity that is 30 to 35 db over a 
narrow band. Over a wide band, however, the directivity often is as 
low as 15 or 20 db for part of the band. This corresponds to |dl >0.1, 
and the maximum error in measuring can be a factor of 1.22. Even 
if the directivity is 35 db, the error can be as large as a factor of 1.04. 
That the error is frequency-sensitive is an intrinsic property of the 
directional coupler. This error in the case of a coupler results from 
direct-coupling between the generator and the detector. In a T, an 
analagous error enters if the T is asymmetrical and there is cross-coupling 
between the J?- and i/-arms. Since the effect results only from asym- 
metry, however, it is not frequency sensitive, and T^s can be constructed 
commercially so that the error from asymmetry does not exceed a factor 
of 1.01. This corresponds to a directivity of 52 db for a directional 
coupler. 
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9*4. T-construction. — ^Four fundamental processes have been used to 
manufacture waveguide T's. They are (1) fabrication from rectangular 
tubing, (2) electroforming, (3) die-casting, and (4) milling channels 
in a block of metal split into two halves. 

Figure 9-4 shows a T fabricated from 1- by i-in. rectangular tubing. 
Since the characteristic impedance of the lines depends on the dimensions, 
6-in. lengths of tubing are broached to tolerances of +0.002 and —0.000 
in. The positive tolerance results from the outward bowing of the tubing 
after broaching. The three pieces are jigged and soldered, and extreme 



Fig. 9-4. — T fabricated from broached tubing. 


care is taken not to warp the tubing during soldering. In order to 
avoid introducing asymmetry ^o matching irises or posts are used. This 
type of construction is well suited for large waveguide, 1^ by 3 in., 
for example, but is not precise enough for + by i-in. waveguide. 

It was hoped that electroforming would facilitate the manufacture 
of small waveguide T^s, but this was not the case. If a removable matrix 
is used, it must be made from three pieces whose assembly is subject 
to asymmetry. If the matrix is made as one piece and is dissolved after 
electroforming, a new matrix is necessary for each T and production costs 
are increased. Also, it is difficult to ‘Hhrow metal into the sharp comers 
of the T, and the resultant structure is mechanically weak. 

Die-casting is a satisfactory solution for quantity production. The 
finished product is as good as the die, and slots may be cast into which 
matching irises may be driven. Irises are usually placed so close to the 
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T-junction that they introduce some asymmetry, which varies from T 
to T. Measurements indicate, however, that the error in measuring 
can be as small as a factor of 1.005. 

In small quantities, satisfactory T^s can be made by milling channels 
in a block as shown in Fig. 9-5. It is difficult to insert matching irises, 
and r-f leakage and alignment are additional problems. Nevertheless, 
T^s have been made whose n-error from asymmetry did not exceed a 
factor of 1.01. 



Fig. 9*5. — T made by milling channels in a block. 


9-6. Matching Techniques for T*s.— A T that appears matched look- 
ing into all arms is called a magic T. It is desirable to make a magic T 
in order to avoid three sources of error in measuring the voltage standing- 
wave ratio of a test piece. There is cross-coupling between the side arms 
of an unmatched T and interaction between the T and the test piece. 
Also, if a variable, calibrated attenuator is coupled to the E- or /f-arms, 
interaction with the T will change the effective attenuation. Although 
it is desirable Jto match a T, the problem is not simple. To match a T 
over a wide band requires that the matching elements be placed as close 
as possible to the T-junction. If elements are placed in or near the 
junction, asymmetry is often introduced and this new source of error 
may overshadow those eliminated by matching the T. 

Figure 9-6 indicates the success with which a post and iris may be used 
to match a T made from H- by 3-in. waveguide. The dimensions and 
positions of the matching elements are shown in Fig. 9-7. The post is 
0.375 in. in diameter and 1.750 in. high. The iris is made from 0.032-in. 
stock. 

Figures 9*8 and 9*9 indicate the post-and-iris scheme as applied to a 
i- by 1-in. waveguide T. The post is 0.125 in. in diameter and 0.660 in. 
high. The iris is made from 0.032-in, stock. 
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T's made of 1- by i-in. waveguide have been matched by using two 
irises. Figures 9*10 and 9*11 indicate the dimensions and success of 
matching. The irises are made from 0.020-in. stock. 

4.0 


3.5 


3.0 
1 2.5 

2.0 


1.5 

1.0 

8.0 8,5 9.0 9.5 10.0 * 10.5 II.O 11.5 12.0 

Wavelength in cm 

Fiq, 9*6. — Effects of a post and iris for matching a 1|- by 3-in. waveguide T, 



Fia. 9*7. — Positions of post and iris for matching a Ij- by 3-in. waveguide T, 

A British scheme for matching T's is shown in Fig. 9-12. Both side 
arms and the H-arm have the narrow dimension reduced by a factor of 
two throuffh one-auarter-wavelenfrth transformers. A circular block 
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3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45 3.50 


Wavelength in cm 

f"io. 9*8. — Effects of a post and iris for matching a ij- by 1-in. waveguide T. 


and post are mounted so that the post projects into the JE'-arm. All 
arms have VSWIl’s not exceeding 1.07 from 3.1 to 3.3 cm when the 
terminals are by 1-in. waveguide. Although no additional data are 


available, the technique would seem 
to be equally applicable to other 
sizes of waveguide. 

When a post is employed as a 
matching element, it can also be 
used to correct asj^mmetry. If the 
post is fastened to the waveguide by 
means of a pin which allows it to ro- 
tate eccentrically, this movement 
may be used to compensate asym- 
metry and to eliminate cross-coup- 
ling without appreciably affecting 



the impedance match. Fia. 9-9.— Positions of post and iris for 

9.6. Ring Networks and Coaxial T. 

X>s. — Figure 9- 13 illustrates both waveguide and coaxial ring networks 
that are analogous to T^s and may be used as bridge elements. Their 


selective properties result from the spacings of the arms and hence are 
frequency sensitive. However, it is easy to match the devices over a wide 


range of frequencies. 



528 impedance bridges [Siftc. 9*6 

For example, the waveguide ring network consists of £-plane T's, 
with the result that the impedance looking into a junction from a side 
arm is the sum of the impedances seen looking both ways into the ring 



Wavelength in cm 


Fio. 9- 10. — Effect of irises for matching a by ^-in. waveguide T, 



Fig, 9*11. — Positions of matching irises for Fia. 9*12. — British method for matching 
J- by |-in. waveguide T. waveguide T’s. 


from the junction. If power is coupled into arm 1, no power is coupled 
out of arm 3 since wave interference effectively short-circuits junction 3. 
Consequently, junctions 2 and 4 see an open circuit when looking toward 
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junction 3, and only the side arms determine the impedances of junctions 
2 and 4. Looking into junction 1 from its side arm, there appear, in 
series, the characteristic impedances of arms 2 and 4 transformed through 



Waveguide ring network Coaxial ring network 

Fig. 9*13. — Waveguide and coaxial ring networks. 


the ring to junction 1. If the characteristic impedance of the ring is 
smaller than that of the side arms by a factor -\/2) the transformations 
through the ring will result in matches 
looking into the side arms. Thus, 
matching is accomplished simply by 
choosing the proper characteristic 
impedance for the ring. In the case 
of the coaxial ring network, an anal- 
ogous argument shows that the di- 
ameter of the inner conductor should 
be smaller for the ring than for the 
side arm. 

Waveguide ring networks have 
been made so that the side arms w ere 
of by 1-in. waveguide^ and the 
impedance ratio was exactly \/2. 

Fortunately, over a wdde frequency range the VSWR^s looking into the 
side arms did not exceed 1.20. 

While the ring network is one solution to the coaxial-T problem, 
Fig. 9- 14 illustrates another possibility. Unfortunately, no data are 
available to describe its properties. 

^ This ring network resulted from duplexer developments which are described in 
Vol. 14, Chap. 8. 
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BASIC MEASURING TECHNIQUES 

Ordinary bench test equipment, such as that indicated by Fig. 9- 15, 
is used for single-frequency operations. The components are essentially 
those used for slotted-section measurements. If a greater power range 
is desired, the r-f source may be a c-w oscillator and the detector may 
be a receiver or spectrum analyzer. " The calibrated r-f attenuator is 
' important for many basic measurements since the output power from a T 



Fig. 9*15. — Typical equipment for basic measurements. 


is related to the test-piece standing-wave ratio in a very definite manner. 
If a bolometer or crystal detector of known law is employed, the r-f 
attenuator may be replaced by an i-f or a-f attenuator although the range 
of attenuation measurement i^^ay not be large enough to permit the 
m^urement of very small standing-wave ratios. 

^ 9-7. The Single-frequency Bridge. — ^At a single frequency it is possi- 
ble to match a T so that it is truly magic, that is, matched looking 
into all arms. If unit power is incident on the bridge from a matched 
generator, the power to a matched detector is, from Eq. (5) Sec. 9*2, 



where F# is the reflection coefficient of the test piece. This expression 
requires a symmetrical T and perfect reference match. Although neither 
requirement can be realized in practice, the cross-coupling that results 
from asymmetry can be cancelled by tuning the reference match so that 
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it introduces a compensating reflection. If asymmetry does not affect 
power division, the attenuation between the input and output powers is 

n = 20 logio \rt\ ~ 6.0 db. (7) 

However, asymmetry does affect the power splits and so alters the 6-db 
term in Eq. (7). If the T is well matched and only slightly asymmetrical, 
the coupling between the E-arm and the test arm will be proportional 



to (i + 6), and that between the i/-arm and the test arm will be propor- 
tional to (i + c). If the test arm appears matched looking into the 
T and if the cross-coupling between the side arms is negligible, conserva- 
tion of energy requires a power division between the E- and E-arms so that 

1 = (i + 5) + (i + €) 

when unit power is coupled into the test arm. Accordingly, c = — 5, 
and the 6-db term will be in error by an amount proportioned to 6*, which 
b negligible for small amounts of asymmetry. 

Since the voltage standing-wave ratio of the test piece is 



a graph of vs. equivalent line attenuation may be plotted as in Fig. 
9*16. The measurement of n simply amounts to measuring attenuation 
through the T and reading the corresponding r, from the graph. 
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The attenuation measurement may be made in several ways depending 
on the range of the voltage standing- wave ratio to be measured. A 
matched bolometer detector followed by a selective amplifier and audio 
attenuator or logarithmic voltmeter will provide a range of about 45 db 
with an accuracy of ±0.2 db. This allows the measurement of standing- 
wave ratios exceeding 1.02 and means, for example, that an n of 1.500 
will appear to be between 1.485 and 1.515. If smaller standing-wave 
ratios are to be measured, an r-f attenuator can be calibrated in two 
steps by the bolometer method. With this higher-range attenuator, a 
more sensitive detector such as a heterodyne receiver or spectrum 
analyzer should be coupled to the bridge. 

The bridge-attenuation measurement necessitates disassembly of 
the components in the process, and this is usually an undesirable opera- 
tion. The measurement can be broken effectively into two steps by 
using a reference mismatch. An iris is placed ahead of a well-matched 
termination in broached waveguide, and the standing-wave ratio of the 
combination is measured by attenuation through the T or by means of a 
slotted section. If the reference-mismatch VSWR is 1.3Q, the attenua- 
tion is 23.7 db; if the VSWR is 1.50, the attenuation is 20.0 db. Conse- 
quently, the attenuation measurement is not difficult. 

The reference mismatch and the test piece are alternately coupled to 
the bridge, and the relative output powers from the bridge are compared 
by means of an r-f or a-f attenuator. The amplifier or spectrum analyzei* 
is used merely as a reference indicator, and the is determined from 
Fig. 9*16. If the reference-mismatch VSWR is 1.20, an n range from 
1.06 to 1.90 may be covered by measuring relative attenuation of ± 10 db. 

For this small range, a crystal may be assumed to be a square-law 
detector without excessive error for production testing of line components. 
An Ti of 1.06 may appear to be between 1.05 and 1.07, and an of 1.70 
may appear to be between 1.60 and 1.80. A good audio attenuator may 
be installed in the selective ainplifier that follows the crystal detector, 
and its dial may be calibrated directly in r<. 

These techniques are accurate only when the T is well matched and 
asymmetric cross-coupling is eliminated. Although this can be accom- 
plished at a sin^e frequency, over a wide frequency range errors result 
from the T-mismatch, an imperfect reference match, the asymmetric 
cross-coupling, and the frequency sensitivity of the r-f attenuator; 
and these errors can combine to produce a large over-all error. Conse- 
quently, the wideband bridge is recommended for production testing and 
impedance-matching, and the single-frequency bridge is recommended 
for precision laboratory measurements, especially those involving small 

reflections. 

/ 

9»8. T-ttsynunetiy. — Cross-coupling between the E- and H-arms is 
caused by T-asymmetry, and the effect may be measured or eliminated 
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by using a termination that is tunable about the characteristic impedance 
of the line. For example, this termination is coupled to arm 2 and a well- 
matched load (VSWR < 1.01) is coupled to arm 1 ; power is coupled into 
the ^f-arm, and the termination is tuned until there is no resultant 
wave out of the E-arm. This effect is shown in Fig. 9*17 where the 
wave-amplitude subscripts T, A, and M refer to signals produced 
by the termination, asymmetry, and the imperfect reference match, 
respectively. 

Now if the side arms have equal electrical lengths, interchanging the 
tunable termination and reference match will simply reverse the phases 
of er and Cm. In this case, the resultant wave amplitude in the 5-arm 



FiLi. 917. --C\‘incellatiori and roinforccinent of asymmetric cross-coupling by reflections 
from the side-arm terminations. 

is twice that from asymmetry as shown in Fig. 9*17. This output wave 
is equivalent to that produced by some test piece that is coupled to a 
perfect bridge. The equivalent can be determined from attenuation 
through the T or by using a reference mismatch in conjunction with a 
calibrated attenuator. However, since the output voltage is twice that 
resulting from asymmetry, 6 db must be added to the measured amount 
of attenuation in order to obtain the r< equivalent to the signal caused by 
asymmetry. 

Although asymmetry affects the power division within the T, no 
appreciable error is introduced in the measurement of the equivalent r^. 
The side arms must have equal electrical lengths, however, or appreciable 
error may be introduced. The electrical length of a side arm is dependent 
on not only the physical length, but the average width of the waveguide as 
well. If the T is made of i- by 1-in. waveguide, and if the side arms differ 
in length by 0.005 in., the error in measuring an asymmetric VSWR of 
1.01 will not exceed ±0.0001. If the asymmetric VSWR is 1.02, the 
error will not exceed ±0.0002. If the T is made of 1- by ^-in. waveguide, 
and if the side arms differ in length by 0.002 in., the error in measuring an 
asymmetric VSWR of 1.02 will not exceed ±0.0004 and will be less if the 
equivalent r< is smaller. If one side arm of a by 1-in. waveguide T 
has an average deviation of 0.001 in. from the correct width, the error in 
measuring an asymmetric VSWR of 1.02 will not exceed ±0.0004 and 
will be less if the equivalent is smaller. If one side arm of a by 1-in. 
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waveguide T has an average deviation of 0.001 in. from the correct width, 
the error in measuring an asymmetric VSWR of 1.02 would probably be 
too small to detect. If one side arm of a i- by i-in. waveguide T has an 
average deviation of 0.007 in. from the correct width, the error will not 
exceed ±0.0004. Thus, if close mechanical tolerances are observed, 
no appreciable error is caused by the unequal lengths of the side arms. 
The effect of unequal arms may be detected by beginning the asymmetry 
measurement with the tunable termination first on one side arm, and 
then on the other. 

The major error in the measurement of asymmetry is caused by 
incorrect waveguide dimensions at the output-terminal planes of the 
side arms. Since asymmetry is defined as a function of the output wave 
when perfect terminations in correct-size waveguide are coupled to the 
side arms, the definition includes reflections from discontinuities at the 
output terminals of the side arms. Since these reflections do not result 
from asymmetry within the junction, however, their effect must be small 
for the measurement to be indicative of the junction asymmetry. If the T 
is made of by 1-in. waveguide, and if the narrow dimensions of the 
side-arm output terminals differ by 0.0004 in., the error in hneasuring the 
asymmetric VSWR will be about ±0.001. For i- by |-in. waveguide 
T^s, the error will be ±0.0023. If the T is made of i- by 1-in. w aveguide, 
and if the wide dimensions of the side arms differ by 0.0004 in. at the 
output terminals, the error will be ±0.001. If the wide dimensions 
differ by 0.0003 in. for a by i-in. waveguide T, the error is again 
±0.001. If the output terminals differ from the correct dimensions by 
equal amounts, no error will be incurred in the measurement of asym- 
metry, but error may be introduced when the T is used to measure this 
standing-w^ave ratio of a test piece. In summary, if the tolerances given 
in the preceding paragraphs are observed, an asymmetric VSWR of 1.01 
can be measured to ±0.002 for by 1-in. w aveguide T's, and to ±0.004 
for by i-in. T's. If similar tolerances are observed for I j- by 3-in. 
waveguide T's, the error will nOt be appreciable. 

9*9. Bridge Balance and the Sliding Match. — Because of the cross- 
coupling that results from an asymmetrical T-junction, a bridge will 
appear unbalanced even if all arms are coupled to perfectly matched 
generators or loads. The bridge may be balanced by tuning the reference 
match, which is slightly imperfect anyhow, so that it produces a reflection 
that cancels the cross-coupling. Balancing should result in no output 
signal from the bridge when a perfect match is coupled to the test arm. 
Since a completely reflectionless termination is not realizable in practice, 
a ‘‘sliding match is used instead. 

The sliding match consists of a well-matched termination which may 
be moved lengthwise in a waveguide casing. The termination may be 
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a tapered piece of polyiron which is machined for a sliding fit. If the 
casing is made from broached or precision-drawn waveguide, and if 
the termination is a close fit, only the phase of the reflection varies 
when the termination is moved. A good termination should produce 
a VSWR less than 1.02, and the casing should allow a motion of at least 
one-half the \yavelength in the line. As the termination is moved over 
this range, its impedance will describe a circle whose center is the charac- 
teristic impedance of the line. 

If the bridge is unbalanced when the termination is moved, the 
reflection from the sliding match will add to, or subtract from, the unbal- 
ance signal, and the output power from the bridge will vary. If the 
bridge is balanced, the output signal will not vary since it results only 
from the sliding-match reflection, which is variable in phase but constant 
in amplitude. 

The sliding match can be used not only to facilitate bridge balance 
but to measure unbalance as well. The maximum and minimum output 
powers are measured as the sliding match is moved, and these values are 
converted to eciiiivalent r/s by means of Fig. 9T6. If the signal caused 
by bridge unbalance is less than that resulting from the sliding-match 
reflection, the eciuivalent for bridge unbalance is 

V r max/ ^ miny 

and the sliding-match standing-wave ratio is 

^ max*^ min • 

If the bridge unbalance produces the larger output signal, the relations 
are reversed. 

9«10. Magic-T Alignment. — Although the matching techniques 
described in Sec. 9*5 provide reasonably good operation over a wide 
range of frecpiencies, a single-freciuency bridge can be matched almost 
perfectly by means of tuning screws. Since frequency sensitivity is 
unimportant, the screws may be placed sufficiently far from the T-junc- 
tion so that no asymmetry is introduced. The screws should be placed 
in the E- and //-arms, and matching these arms automatically results 
in matches looking into the side arms. The easiest method of align- 
ment is to couple the E- and //-arms alternately to another impedance 
bridge and to adjust them independently for minimum power reflection. 
Although the side arms should be coupled to well-matched terminations 
during this procedure, the unused /?- or //-arm need not be terminated. 
If the radiation from the unused arm interferes with the detector by 
means of coupling through the intervening space, this arm may be short- 
circuited with a metal plate without affecting the matching procedure 
for the other arm. 
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It should be remembered that even though the T is matched according 
to this procedure, it will not appear matched looking into the side arms 
unless the E- and //-arms are coupled to a matched generator and a 
matched detector. For single-frequency bridges, the detectors can be 
matched by means of tuning screws. Although a matched generator 
could be achieved also by reactive tuning elements, these elements might 
impair the operation of those low-voltage oscillators (types 2K25 and 
2K50), for example) that are purposely mismatched to the line for 
stability as well as power considerations. Even when tuners are used to 
obtain the optimum operation of high-voltage tubes, such as the 2K39, 
the oscillator is not necessarily matched to the line. Therefore, a 
matched generator is best achieved by inserting resistive attenuation 
between the oscillators and the T. 

9*11. The Measurement of Large Reflections. — Both the amplitude 
and phase of large reflection coefficients can be measured if the reference 
match is replaced by a short circuit whose position is adjustable relative 
to the T-junction. The test piece is coupled to one side-arm of a magic 
T, and the position of the short circuit on the opposite arm is varied until 
the output wave is minimized. Accordingly, the attenuation through the 
Tis 

20iogio (ir,| - lr,|) - 6.0 db, 

where F, and Ft are the reflection coefficients of the short circuit and the 
test piece. If the short circuit provides total reflection (I\ = 1), then 
the attenuation is a measure of 1 ~ |Fi|. If the side arms of the T 
have equal or known electrical lengths, the position of the short circuit is 
indicative of the phase of F^. 

Since this technique involves large reflections, the T, the generator, 
and the detector must all be very well matched. Also, asymmetric^ 
cross-coupling must be compensated since the output signal will be 
small for large values of F^. Compensation is achieved in several steps. 
First, the bridge is matched and balanced as described in the preceding 
sections; the matching screws are placed in the E- and //-arms, and the 
balancing screws, in the reference arm. Second, the sliding match on 
the test arm is replaced by a load which is tuned until the output signal 
is zero, thus indicating a perfect match. Third, the termination on the 
reference arm is replaced by the sliding match, and the resultant output 
signal is caused only by as 3 anmetry, reference-arm screw reflections, and 
the sliding-match reflection. If the screws are adjusted until the 
amplitude of the output signal is unaffected by moving the sliding 
match, this signal results only from the sliding-match reflection, and 
asymmetry is compensated. The important fact is that the T is still 
compensated when the reference arm is short-circuited. 
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If high accuracy is desired in the measurement of Tt, the loss in the 
sliding short circuit must be considered. A good short circuit employs 
chokes, rather than contact fingers, and will produce a standing-wave 
ratio of about 50 db. Consequently, |r,l will be about 0.994. This can 
be measured with a T whose reference arm is short-circuited by a plate 
soldered to the waveguide. 

DESIGN CONSIDERATIONS FOR MULTIFREQUENCY IMPEDANCE BRIDGES 

The first design consideration for multifrequency impedance bridges 
is usually the selection of the process that provides simultaneous indica- 
tions at several frequencies. The detector-indicator circuits, are therefore 



Fk;. 0* is.-— S imple mullifrcqueiiry bridge that utilizes mechanical switching. 


often predetermined, and the selection of the r-f oscillators, the coupling 
networks, and the other line components usually effects a compromise 
between accuracy and range of measurement. Although complexity, 
cost, and application are important, they are commonly the results of, 
rather than the prerequisites for, the preliminary design considerations. 

9*12. Methods Which Provide Simultaneous Indications at Several 
Frequencies. — The simplest method for providing multifrequency opera- 
tion is a slight elaboration of the single-frequency bridge. Figure 9-18 
illustrates the method in which three oscillators are coupled to the 
bridge by directional couplers or magic T's. By means of a motor-driven 
mechanical switch, the oscillators are turned on and off in sequence, and 
the amplifier is coupled, in turn, to each of the three output meters. 

This effect may be achieved electronically as shown in Fig. 9* 19. 
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Three oscillators are square-wave modulated at audio rates which are 
not multiples of one another, and the amplifier uses three selective output 
channels to discriminate between the different modulation frequencies. 
Because of the good sensitivity afforded by a crystal detector and selec- 
tive amplifier, low-voltage oscillators will deliver sufficient r-f power, 
and a common power supply can be used for all circuit components. 
If the crystal is operated as a square-law detector, an audio attenuator 
may be used as a calibrating device, and the number of r-f line compo- 



Fio. 9*19. — Multifrequencj' brich?e that eiiiploy.s iiiotlulatioii-froquonry di.srriniination. 


nents may be held to a minimum. Both the microwave and the circuit 
techniques are extremely simple, and consequently, this type of bridge is 
recommended for applications where the investment in test equipment 
and its maintenance must be minimized. 

A better visual presentation is obtained with a cathode-ray tube since 
the indications can be spaced more closely than in the case of meters. 
Figure 9*20 illustrates a pulse-modulated impedance bridge in which the 
oscillators are pulsed sequentially to provide a time separation of the 
corresponding pips that appear on the cathode-ray tube. Unfortunately, 
high-voltage oscillators are necessary to compensate for the inherent low 
sensitivity of the wide-band pulse amplifier, and the circuits associated 
with these oscillators and the cathode-ray tube make the cost and the 
complexity relatively high. On the other hand, these disadvantages are 
somewhat offset by the desirable presentation and the ease of operation; 
and the pulse-modulated bridge is well suited for commercial applications. 
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Fi(}. 9*20. — Multifrequency bridge that employs pulse modulation. 



Fia. 9*21. Multifroqiiency bridge that utilizes a panoramic receiver. 
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A similar CRT presentation is obtained with impedance bridges that 
employ panoramic receivers. Figure 9-21 illustrates this method in 
which three frequency-modulated local oscillators are coupled to a 
common mixer. It is also possible to use f-m sources instead of f-ra 
local oscillators, thus minimizing spurious responses. The principle of 
operation is the same in both cases. Corresponding pairs of c-w and f-m 
oscillators are tuned so that the frequency difference between each pair 
is equal to the intermediate frequency at some point in the modulation 
cycle. Since these difference frequencies vary with time, i-f pulses arc 
generated, and hence video output pulses result. Although the high 
sensitivity of the heterodyne receiver provides a large range of measure- 
ment, the use of local oscillators and their coupling networks results is a 
considerable increase in cost. Also, the current capacity of the power 
supply must be increased because of the additional oscillators. If a 
vvide-band i-f amplifier is used for stability considerations, the current 
drain from the power supply will be still greater. 

From an operational viewpoint, the panoramic impedance bridge is 
also the most complex. Commercial models provide hinged covers for 
the oscillator-voltage controls, and these covers are closed following 
alignment by an engineer. However, sometimes the oscillators drift in 
frequency, and their harmonics cross-modulate in the mixer and block 
the receiver, thus confusing the test-line operator. In general, panoramic 
impedance bridges are best suited for use by persons of engineering caliber 
who willingly tolerate the greater complexity for the increased accuracy 
and the greater sensitivity. 

9*13. Line Components. — Coupling networks should introduce mini- 
mum insertion loss in order to allow the measurement of very small 
test-piece reflections, but should provide maximum isolation between 
oscillators. Both magic T’s and directional couplers can be used. 
Directional couplers usually introduce an attenuation of at least 10 db, 
whereas T's introduce only 3 db. However, T's must be provided with 
matching elements and do no!t always lend themselves to mechanical 
arrangements in Avhich oscillator tuning shafts must be brought out 
through a front panel. Directional couplers can provide 40 db of isola- 
tion between oscillators — a value that is also easily realized by T’s, 
even those that have considerable asymmetry. 

Although any number of directional couplers may be inserted in a 
common line, each magic T is used to couple two sources to a common 
line. If four oscillators are used, they may be coupled in pairs to two 
T’s, and these T’s may be coupled to a third T in order to obtain all 
signals in a common line. In this case, the attenuation between each 
oscillator and the main line is 6 db, only 4 db’less than that for direc- 
tional-coupler networks. If several directional couplers are inserted 
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in a common line, however, their individual reflections may combine so 
that, at some frequencies, the whole assembly, when viewed from the 
bridge, may appear as a very poorly matched generator. In practice, 
it is often possible to space the couplers so that their reflections tend 
to cancel rather than to reinforce. In general, matched T^s provide less 
insertion loss than directional couplers, but a less desirable mechanical 
arrangement ; directional couplers provide a desirable mechanical arrange- 
ment, but introduce more loss than matched T’s and require judicious 
spacing. 

Included among the line components are several attenuators, both 
fixed and variable. Since a crystal detector may produce a VSWR as 
large as 4.0 over part of a wide frequency range, it is usually padded by 
about 10 db of resistive attenuation in order that the VSWR, as seen 
from the bridge, shall not exceed 1.1. If the output powers from the 
oscillators are not controlled electronically, a variable attenuator can 
be inserted between each oscillator and the coupling network. At 
minimum attenuation, these attenuators should have negligible insertion 
loss in order to allow the measurement of small test-piece reflections. 
Under these conditions there is little attenuation between the oscillators 
and the T, and the line appears badly mismatched looking back from the 
T. Although the phase error tends to increase because of this mismatch, 
it also tends to be reduced because under these conditions a small reflec- 
tion is being measured. When a larger reflection is being measured the 
phase error tends to increase, but sometimes the power-level attenuators 
can be adjusted to provide more isolation between the oscillators and 
the T. This increased isolation reduces the mismatch as seen looking 
back from the T, and consecpiently tends to reduce the phase error. 

For example, consider a T that is matched so that the VSWR looking 
into all arms does not exceed 1.10 when all arms are coupled to matched 
generators or matched loads. The detector is isolated from the T by 10 
db of attenuation so that the VSWR, as seen from the T, does not exceed 
1.10. If the power-level attenuators are adjusted for the measurement 
of small reflections, the attenuation between each oscillator and the T 
may not exceed 10 db. If the coupling network alone produces a VSWR 
of 1.10, the VSWR, looking back from the T, can be as large as 2.20^ 
but probably will not exceed 1.80. With E~ and //-arms coupled to 
impedances that produce VSWR's of 1.10 and 1.80, the VSWR that is 
seen looking into the test arm can be increased from 1.10 to 1.65. Conse- 
quently, if an Tt of 1.02 is measured, the phase error will cause the test- 
piece reflection coefficient to be measured in error by a factor of 1.003, 
and the error in the measurement of n is unimportant. 

Now suppose that when the bridge is used to measure an of 1.6, 
the power-level attenuators can be adjusted to provide at least 20 db 
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of attenuation between each oscillator and the T. The VSWR seen 
looking back from the T will probably not exceed 1.15, and the VSWR 
looking into the test arm of the T will not exceed 1.30. Consequently, 
the phase error will cause the apparent to fall between 1.57 and 1.62. 
Unfortunately, other design factors, such as the method of calibration 
and the over-all sensitivity, often restrict the isolating attenuation to 
values much less than 20 db. 

If an r-f attenuator is incorporated in the bridge as a calibration 
device, it should be placed between the T and the detector. In this 
position it will be coupled to more nearly matched lines than if it were 
placed on the generator side of the T. Accordingly, its calibration 
^vill be much more reliable. However, if Vt is 1.00, the VSWR looking 
back into the T can be as large as 1.50. In bridge designs that can 
tolerate more line attenuation, a 5-db fixed attenuator is placed between 
the T and the variable attenuator so that the VSWR of 1.50 is reduced to 
1.14. 

All line components must furnish good protection against r-f leakage. 
Even if the coherent leakage is 10 db below the signal level.at the detector, 
the signal can be changed about ±3db by the leakage. If this condition 
exists when Vt is 1.02, the measured value will be between 1.01 and 1.03. 
Since the total line attenuation is not less than 65 db between the oscil- 
lators and the detector for an r< of 1.02, the leakage protection for this 
example is at least 75 db. If the calibration device is an audio attenuator 
or logarithmic voltmeter, the signal level at the detector increases 25 db 
when Tt is 1.60. Although the effect of the leakage is less prominent, the 
measurement of large test-piece reflections is more sensitive to attenuation 
error. Hence, the apparent Vt will be between 1.59 and 1.61, and 75 
db of leakage protection ihay be adequate for some applications. 

If an r-f attenuator, is used as a calibration device, however, the 
detector is used merely to indicate a reference level, and hence operates 
at the same signal level regardless of the test-piece reflection. Conse- 
quently, the effect of leakage iS always the same, and the leakage protec- 
tion must be increased to about 100 db if an Vt of 1.60 is to fall between 
1.59 and 1.61. 

Optimum leakage protection is achieved by carefully shielding the 
oscillators and by providing good electrical contacts at all junctions. 
All electrical leads to the oscillators should enter the shield cans through 
coaxial fittings that have polyiron bushings between the conductors. It 
is usually advisable to wrap the polyiron bushings with two or three 
layers of varnished cambric in order to obtain greater protection against 
voltage breakdown. All oscillator tuning shafts and attenuator drive 
pins should pass through bearings that have polyiron bushings. Wave- 
guide choke joints may be sealed by inserting a metal-textile (woven 
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metal strands) gasket in the choke groove. Larger gaskets can be used 
to seal the oscillator shield cans. Flat gaskets of metal shim-stock 
should be avoided since they are easily burred, scarred, and spoiled. 

IMPEDANCE BRIDGES UTILIZING 
MODULATION -FREQUENCY DISCRIMINATION 

The principle of operation for bridges that utilize modulation- 
frequency discrimination is described in Sec. 9T2 with reference to 
Fig. 9T9. The circuit components of this bridge can be essentially 
those used in bench test equipment for the measurement of standing 
waves by means of slotted sections. Many of the design features apply 
equally well to bridges that employ a mechanical switch to operate, in 
sequence, the oscillators and their corresponding output meters. In this 
bridge, however, a single amplifier channel is used since all oscillators 
can use the same modulation. 

9*14. Microwave Sources. — Reflex oscillators that deliver about 25 
mw of microwave power are commonly used because they are economical 
from the standpoint of power-supply and modulator requirements, and 
from the standpoint of replacement. In order to use a common power 
supply for all circuit components, it is desirable to operate the oscillator 
cathodes at ground potential and their cavities at +300 volts. The 
2K25 and 2K50 tubes can be used for the 9000- and 24,500-Mc/sec regions, 
respectively, since the cavity (tube shell) is easily insulated from the line 
components. The selection of a tube for the 3000-Mc/sec region is more 
difficult since the 2K28 (707B) tube requires an external cavity that is 
usually large and difficult to insulate, especially when equipped with a 
micrometer-driven tuning mechanism. Although the 726 tube has its 
cavity as an integral part, the coaxial output fitting requires that insula- 
ting devices be provided for the coaxial line. The alternate solution is 
the common one: A negative-voltage power supply is used, and the oscil- 
lator cavity is operated at ground potential. 

Reflex tubes are usually modulated by applying a square-wave signal 
to the oscillator reflector. In order to avoid frequency modulation, the 
square wave should have sufficient amplitude so that the oscillator drops 
out of oscillation for alternate half cycles. However, the amplitude 
also must be limited so that the tube will not be driven into the next 
lower mode of oscillation. When adjusting the amplitude of the modulat- 
ing signal, the output signal from the detector of the bridge should be 
coupled to an oscilloscope in order to detect overmodulation. A diode 
may be connected between the reflector and the cathode of the tube in 
such a way that the reflector cannot be driven positive with respect to 
the cathode. Simple, but adequate, modulators consist of unsyn- 
chronized multivibrators which are designed so that their recurrence 
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frequencies are slightly adjustable in order to achieve correspondence 
with the selective-amplifier channels. The adjustment, however, should 
be limited so that the recurrence frequencies cannot be multiples of one 
another. 

9'16. Line Components. — Since individual gain controls can be 
inserted in each channel of the selective amplifier, the r-f attenuators 
that are commonly used to adjust the power level may be eliminated. 
However, if the calibration technique is dependent on the law of the 
detector, error may be incurred when the different signals at the detector 
are not comparable in amplitude. If the power-level attenuators are 
omitted, and if magic T’s are used for coupling networks, the bridge 
T may be isolated from the oscillators by only 3 or 6 db. In this case 
it is advisable to provide 5 to 10 db of matched attenuation in the main 
input line to the bridge. Correspondingly, 10 db of attenuation should 
be placed between the T and the detector in order that the VSWR should 
not exceed 1.10 looking from the T toward the detector. 

Either a crystal or a bolometer may be used as a detector. Although 
bolometers are less sensitive than crystals and may be, more difficult 
to procure, they have the advantage of a truly square-law behavior 
over a wide range of power. This fact is useful for calibration methods 
which utilize the law of the detector, but in many cases, the slight error 
that results from the uncertain law of the crystal detector will be tolerated 
to realize the greater sensitivity. If a calibrated r-f attenuator is used, 
the law of the detector need not be known, and the crystal is preferred. 

Although waveguide line components are used with waveguide T's, 
coaxial line components will save considerable space for bridges that 
operate in the region of 3000 Mc/sec. Directional couplers have been 
designed with terminals that mate with standard 50-ohm cable plugs. 
If the components are connected with short cables, a good mechanical 
arrangement usually can be attained. Fixed attenuation may be in 
the form of lossy cables or coaxial metalized-glass pads. Coaxial 
crystal holders and double-stub tuners are also standard components 
for 50-ohm line. 

Reaction frequency meters or wavemeters are preferable to trans- 
mission types and should be coupled to the line just ahead of the detector. 
In this way, any mismatch that is introduced is isolated from the T by 
the 10-db pad. 

Leakage protection is not difficult since the sensitivity of the crystal 
detector and conventional amplifier produces full-scale meter deflection 
for an input power of about —80 dbw. This level is about 35 db above 
the sensitivity of a heterodyne receiver, and is comparable to that used 
for slotted-section measurements. As in the case of slotted-section 
measurements, no appreciable leakage error results when only a simple 
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shield can (no gaskets or polyiron bushings) is placed over the oscillator. 
The input power leads to the oscillator run through a shield which is 
soldered to the tube mount, so that r-f leakage power must pass through 
the cable where much of it is dissipated in the insulating material. 
If moving a sheet of metal in close proximity to the various line compo- 
nents does not produce any noticeable output-meter fluctuation, the 
leakage protection usually meets the requirement of 100 db as specified 
in Sec. 9T3. 

Although ordinary mixer crystals (types 1N21, 1N23, and 1N26) are 
often used as detectors, better results are obtained when special video 
crystals can be employed. Types 1N27 and 1N32 are used for the 
3000-Mc/sec region; the type IN31, for the 9000-Mc/sec region. Unfor- 
tunately, no video crystals have been produced for the 24,500-Mc/sec 
region. 

9*16. Selective Amplifier. — The ordinary selective amplifier that is 
used for slotted-section measurements consists of a well-shielded input 
transformer, a pentode amplifier, a second pentode amplifier that 
includes a twin-T feedback network, a beam-tetrode power amplifier, 
a full-wave diode rectifier, and a d-c meter. This conventional design 
is commonly used with a 1N21, 1N23, or 1N26 crystal detector, and 
provides full-scale meter deflection when the average power incident 
on the detector is about —80 dbw. Although this standard and proved 
design can be modified for impedance bridges, a much-improved design is 
feasible. In the audio range of freciuencies, sensitivity is usually limited 
by mierophonics, flicker effect, and harmonics of the power-line frequency 
rather than thermal noise. These effects are considerably reduced if 
the recurrence freciuencies are increased, from the usual 500 to 1000 cps, 
to 15 to 20 kc/sec, and the multivibrator rcc|uirements are not increased 
appreciably. If the input transformer is replaced by a shielded pre- 
amplifier, less pickup and several other advantages result. 

If the crystal detector is direct-coupled to the grid of the first ampli- 
fier, the open-circuit output voltage from the crystal is realized. Since 
conventional input transformers present a load impedance of about 
400 ohms to the crystal whose video impedance is between about 2000 
and 20,000 ohms, the input voltage will be increased by at least a factor 6. 
If a video crystal (1N27, 1N31, or 1N32) is used, the sensitivity will be 
increased by between 4 and 8 db. The first stage should use a tube, 
possibly a GF5 triode, that has low microphonics, little hum modulation, 
and a low equivalent-noise resistance. The preamplifier should provide 
one or two stages of amplification, and a cathode-follower output stage 
is recommended. The effects of the power-line frequency and its 
harmonics are minimized if a GO-cps filter is inserted in the supply- 
voltage input lead, and if the heaters are operated from a selenium 
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rectifier. Small bridge rectifiers will deliver 12 volts and will operate 
both preamplifier stages if the heaters are connected in series. The 
effects of ground currents can be minimized by isolating the input 
stage from ground by means of a small resistance. Naturally the tubes 
should be shielded and shock-mounted, and the entire unit should be 
mounted close to the crystal detector. 

The audio attenuator should precede the selective channels, and 
should be matched or calibrated for a particular load impedance. If a 
high-impedance network is used, the low output impedance of the 
preceding cathode follower need not be considered in the attenuator 
design. Each selective channel may consist of a buffer amplifier, a 



selective amplifier, and a coherent-signal detector. If the twin-T net- 
works are aligned carefully with the aid of standard audio test ecpiipment, 
Q^s of 50 may be realized. 

The greatest improvement over the conventional amplifier may be 
achieved through the use of a coherent-signal detector. In fact, the use 
of a coherent-signal detector even with conventional circuits is strongly 
recommended since it will reduce the pass band to about 1 cps. The 
twin-T selective stages should not be omitted since they remove a great 
deal of noise and interference^ prior to the detector. The principle of 
operation of the coherent-signal detector is illustrated by the simple 
diode circuit of Fig. 9-22 which is the equivalent of a hybrid coil or a 
low-frequency magic T. The output signal from the amplifier is coupled 
into Ti, and the resultant voltages between A and C and between B and 
C are equal and cancel unless a reference signal is coupled into 7^2. 
If the reference signal is coherent with some component of the amplifier 
output signal, and if the two signals have the proper relative phase, the 
reference signal will reinforce the coherent component of the amplifier 
signal for one diode, but will reduce the component presented to the other 
diode. Consequently, coherent signals produce a net voltage between 
A and B, and if the signals have the proper relative amplitudes, the 
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meter deflection will be proportional to the coherent component of the 
amplifier output signal. 

In practice, the reference signal is obtained by filtering the output 
signal from a multivibrator. The resultant signal is passed through a 
variable phase-shift network which is adjusted for maximum meter 
deflection. The simple circuit of Fig. 9*22 may have many variations. 
The transformers may be replaced by vacuum-tube circuits, and the 
diodes may be replaced by triodes, pentodes, or pentagrid tubes. The 
use of two tubes is recommended since the zero set of the meter will, in 
that case, be less subject to power-line variations. 



Linear meter 



Non-linear meter whose 
sensitivity decreases with 
increasing deflection 


— Motor soalos for uso with .a squaro-law detector. 


If tlic selective amplifier is constructed in accord with the previous 
design considerations, it should be possible to realize a stable full-scale 
meter deflection for r-f power levels as low as --90 to —100 dbw. 

Since the detector is very nearly a square-law device, and since this 
amplifier is very linear, the output meters can be calibrated in terms of r<. 
A cramped scale results, as shown in Fig. 9-23, but it may be expanded 
by altering the shape of the pole pieces. 

9*17. Range of Measurement, — Since each r-f oscillator delivers 
square- wave-modulated power at an average power level of —20 dbw, 
and since the crystal detector and conventional amplifier provide full- 
scale meter deflection when the received power level is —80 dbw, a 
line attenuation of 00 db can be tolerated. If the attenuation between 
each oscillator and the T is 15 db, and if the attenuation between the T 
and the detector is 10 db, an attenuation through the T of 37 db cor- 
responds to full-scale deflection. However, since y-scale deflection can 
be used as a reference level, the attenuation through the T can be 44 db. 

If calibration is made relative to a reference mismatch whose VSWR 
is 1.20, the corresponding attenuation through the T is 27 db. If the 
reference deflection is i scale, the calibrating attenuator can have an 
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insertion loss that is equivalent to a line attenuation of 17 db. Since 
this eifective attenuation is reduced in order to regain reference deflec- 
tion when the test-piece reflections are small, VtS down to 1.025 can be 
measured. If the calibrating attenuator can increase the effective line 
attenuation 11 db (relative to that when the VSWR is 1.20), then a 
maximum Vt of 2.00 can be measured. 

Although the calibrating attenuator is useful for accurate measure- 
ments, the meter is used to judge the success of test-piece matching 
procedures. If the meter is modified so that its sensitivity decreases 
with increasing deflection, and if the reference deflection is still ^ scale, 
then the scale can be nearly linear in r< from 1.0 to 2.0. 

Since a bridge T cannot be balanced perfectly over a wide range of 
frequencies, the sensitivity of the system is not always the limiting factor 
in the measurement of small reflections. In many cases the bridge 
unbalance is equivalent to an n of 1.02, and consequently it is hardly 
worth while to extend the calibration below an of 1.05. If the lower 
limit is set at 1.05, the calibrating attenuator need introduce only 11 db 
of loss at the reference VSWR of 1.20, and an additional safety margin 
of 6 db is realized. However, in order to maintain the signal level in 
the range of square-law detection, it may be advisable to insert a variable 
level-set attenuator between each oscillator and the coupling network. 
If the amplifier provides a stable full-scale indication at --90 dbw instead 
of —80 dbw, the isolating attenuations between the T and the oscillators 
and detector can be increased, for example, G and 4 db, respectively, and 
the phase error will be reduced. 

IMPEDANCE BRIDGES THAT EMPLOY PULSE MODULATION 

The principle of operation for pulse-modulated impedance bridges 
is discussed in Sec. 9* 12 with reference to Fig. 9*20. Several r-f oscillators 
are pulsed in sequence, and their output signals are coupled through the 
bridge T to a crystal detector. The detector is followed by a pulse 
amplifier which provides vertical deflection for a cathode-ray tube. 
The amplitudes of the resultant pips that appear on the cathode-ray 
tube indicate the amount of power reflected from the test piece at several 
corresponding frequencies. 

9-18. Microwave Sources. — Because a pulse amplifier has a wider 
pass band and hence less sensitivity than a selective audio amplifier, 
the pulse method and the modulation-frequency method will provide 
comparable over-all sensitivities only if the pulsed oscillators deliver 
relatively higher powers. When a reflex oscillator is employed, the 
available pulse power is usually no greater than the available c-w power 
since the modes of oscillation, as well as the dissipation, determine the 
maximum voltages that may be applied to the tube. Whereas low- 
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voltage local-oscillator tubes can be used for the modulation-frequency 
method, the pulse method employs tubes that require voltages in the 
range of 1000 to 2000 volts. Since these tubes have beam currents 
between 60 and 100 ma, a large power supply is necessary unless the 
tubes are turned off, as well as driven out of oscillation, between pulses. 
Consequently, anode or grid modulation is preferred to reflector modula- 
tion, and the recurrence frequency should be as low as possible. 

In order that a single power-supply design can serve equally well for 
different sets of r-f components, it is wise to choose tubes that have similar 
d-c characteristics. Over the frequency range from 3300 to 10,300 
Mc/sec, the 2K42, 2K43, 2K44, and 2K39 tubes are a good choice since 
they will deliver about 250 mw. They operate with about 1250 volts 
applied to the anode, draw a beam current of about 45 ma, and have a 
focus electrode whose bias may be varied to control beam current. Since 
this bias may be slightly negative, pulsing may be accomplished with a 
high-impedance modulator; that is, no driving power is required. 

The 2K33 tube, which operates in the 24,500-M c/sec region, may be 
pulsed in a similar manner, but recpiires 1800 volts. The beam current 
is only about 8 ma, and the output power does not often exceed 25 mw. 
Although the output power is no greater than that which can be obtained 
from a low-voltage tube, a high-voltage power supply that employs an 
oscillator can be equipped with plug-in coils in order to allow the use of 
this tube.^ 

The 2K41 tube, the present design for an output power of 250 mw 
from 2050 to 3320 Mc/sec, has a mesh grid instead of a focusing ring. 
This grid is operated at a positive bias of between 0 and 50 volts. Since 
considerable grid current is drawn, a modulator must be capable of 
supplying an 80-volt pulse at about 17 ma. Since the average power 
consumption is very low, these drivers can be operated from the common 
low-voltage power supply in the bridge without increasing its capacity. 
The drivers can be coupled to the multivibrators which serve as modu- 
lators for the oscillators of other types, and can be mounted beside the 
2K41 tubes so that they are part of the r-f package for the 3000-Mc/sec 
region. 

If a conventional regulated supply is used, it is probably more 
economical to design it for 1250 volts, and use 2K50 tubes instead of 
2K33's. Accordingly, the low-voltage supply is designed to withstand 
the current drain of the 2K50^s, and modulation is applied to the reflector 
electrodes. 

9*19. Line Components. — With a few exceptions, the line components 
for pulse-modulated bridges are the same as those discussed in Sec. 915 
for the modulation-frequency method. The high-voltage reflex oscil- 

* A power supply of this type is described in Chap. 2. 
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lators are not designed to operate with a matched load, and hence double- 
stub tuners should be inserted between each oscillator and the line. 
Also, these tubes have coaxial output fittings so that waveguide-to- 
coaxial-line adapters are necessary in many cases. 

Since the oscillators are coupled to the other line components by 
means of cables, they may be mounted on the front panel and enclosed 
by a common shield. Good shielding is necessary because these tubes 
do not have all-metal shells and there is considerable r-f leakage from the 
glass portions. 

Many of the high-voltage oscillators are still being improved and 
redesigned, and hence the available output power may vary considerably 
from tube to tube. Consequently, level-set attenuators should be 
installed between each oscillator and the coupling network. For this 
purpose, frequency sensitivity and gradual changes in attenuation are 
unimportant, and satisfactory attenuators can be made in which the 
absorbing elements are tapered strips of resistance-card material. For 
coaxial-line components, a cam-driven flap of this material may be 
inserted through slots in the outer and inner conductors. ^ 

9*20. Pulse Amplifier. — In order to provide reasonable reproduction 
of the pulse, arbitrary limits place the lower cutoff frequency at five times 
the recurrence frequency, and place the upper cutoff frequency at about 
1.5 times the reciprocal of the pulse duration. The pulse will rise rather 
slowly, and the trading edge will have considerable overshoot. This 
overshoot is not troublesome since it can be removed by a diode which 
also clamps the CRT baseline against the effects of varying pulse 
amplitudes. 

If the duty ratio is limited to xhsf by the power-supply requirements, 
then for a given quality of pulse reproduction the narrowest pass band 
is realized at the lowest possible recurrence frequency. Although this 
consideration produces a narrow pass band, optimum sensitivity may not 
be realized because considerable instability is introduced in the lower 
audio-frequency range by the' power-line frequency and its harmonics, 
by microphonics, and by flicker effect. On the other hand, above 25 
kc/sec, sensitivity is determined primarily by statistical noise, and 
increasing bandwidth results in decreasing sensitivity. 

Consequently, optimum sensitivity can be realized if the lower cutoff 
frequency is about 10 kc/sec. This means that a recurrence frequency of 
2000 cps and a pulse duration of 33 /zsec can be used, and the upper cutoff 
frequency for the amplifier will be 45 kc/sec. If the detector is a video 
crystal with a figure of merit of at least 50, a sensitivity of —91 dbw 
can be realized. However, the minimum usable signal is about 10 db 
above the noise level, so that a useful sensitivity of —80 dbw is achieved. 
Figure 9-24 shows a pulse amplifier that is slightly less sensitive because 
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it is designed for a recurrence frequency of 60 cps and a lOO-jusec pulse. 
The cutoff frequencies are 300 and 16,000 cps. 

In Sec. 9’ 16 the full-scale sensitivity of an ordinary selective amplifier 
was given as —80 dbw, and it is mentioned later that this sensitivity is 
greater than that of a pulse amplifier. This statement is still true since 



tolerance on all resistors and condensers 10 unless otherwise noted 
Fia, 9*24. — Typical pulse amplifier. 


a power level of —80 dbw produces the minimum usable pip for a pulse- 
modulated bridge, not a stable full-scale indication as for the modulation- 
frequency bridge. 

9«21. Range of Measurement. — Since each r-f oscillator will deliver 
a pulse power of —6 dbw, and since a power level of —80 dbw produces 
the minimum usable pip, a total line attenuation of 74 db can be tolerated. 
If the attenuation between each oscillator and the bridge T is 15 db, and 
if that between the T and the detector is 10 db, an attenuation of 49 db 
through the T can be measured. Since an attenuation of 46 db cor- 
responds to an Vt of 1.02, the range of measurement is limited by other 
factors, such as bridge unbalance. 

If a minimum Vt of 1.02 is to be measured, 3 db of line attenuation are 
available as a margin of safety. If the minimum rt is 1.05, the attenua- 
tion through the T is 38 db, and the isolating attenuation may be 
increased about 10 db in order to reduce the phase error. 

Calibration may be achieved in a manner similar to that described 
in Sec. 9-17 for the modulation-frequency bridge. Accurate measure- 
ments are made by using an a-f or r-f attenuator in conjunction with a 
reference mismatch. The face of the cathode-ray tube may be calibrated 
to judge the success of test-piece matching procedures, but, as in the case 
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of the linear meter, the calibration will be nonlinear. This problem 
may be alleviated somewhat by providing a double scale as shown in 
Fig. 9*25. The left-hand scale is used with a reference mismatch that 
produces a VSWR of 1.20, and calibration is made at maximum deflection. 

In order to use the right-hand scale, 
without the necessity of recalibra- 
^ switch can be employed to 
^1.8(rv reduce the amplifier gain by a factor 
/l.l8 1.7o\ of 10. 


Fio. 9»25.-— CUT calibration for pulse- 
modulated impedance bridges. 


116 ^1.60 \ IMPEDANCE BRIDGES UTILIZING 

, I PANORAMIC RECEIVERS 

1.14 l.ou I 

I / Chronologically, panoramic 

\ t oA / bridges were developed first be- 

\ 1.09 71 i du / 

\iQ 5 A 120/ cause receiver components were 

\l.00 — LI LI U — i.oc^ available and because adequate 

x. sensitivity is assured even with low- 

power oscillators -as microwave 

Fio. 9»25. -CUT calibration for pulse- sources. The principle of opera- 
modulated impedaueo bridges. described in SeC. 9-12 with 

reference to Fig. 9-21 . Although pulse-modulated bridges have been engi- 
neered in view of production, the TBX-lHIl bridge shown in Figs. 9*26 
and 9-27 is the only type that has been produced commercially. It 
operates in the frequency range from 8500 to 9000 Mc/sec, and was pro- 
duced by the Boonton Radio Corporation for the Radiation Laboratory. 

9*22. Microwave Sources and Local Oscillators. — T.ow-voltage reflex 
oscillator tubes such as the 2K28, 720, 2K25, or 2K50 may be used as 
microwave sources and local oscillators for the heterodyne receiver. By 
operating the oscillator cathodes at ground potential, a common power 
supply may be u.sed for the receiver and other low-voltage circuits. 
Since the tube shells will be 300 volts above ground, go(xi insulation must 
be provided between the mechanical tuning shafts and the tubes. Also, 
because of the high sensitivity of the receiver, the oscillators should 
be provided with all the leakage-protection devices described in Sec. 913. 

A total of six oscillators, three of which are frequency-modulated, is 
required to produce indications at three microwave frcciucncies, and it is 
not surprising that spurious signals result because of cross-modulation 
in the crystal mixer. Since no spurious signal can exceed the funda- 
mental components introduced by the r-f oscillators, and since the 
frequency-modulated oscillators are more likely to produce spurious 
responses, there is a definite advantage to modulating the microwave 
sources because their signals are attenuated about 85 db before reaching 
the detector. Consequently, the main problem is the c-w local-oscillator 
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signals and their harmonics that can cross-modulate at a level high enough 
to block the receiver. This difficulty was removed from the TBX-IBR 
bridge by using a motor-driven switch that operated the local oscillators 
sequentially instead of simultaneously. 



I'ru, 9*20. Front view of TBX-lBlt impedance bridge. 


The microwave sources are frequency-modulated by applying saw- 
tooth signals to the reflector electrodes. The total frequency deviation 
is about 10 Mc/sec in order to generate pips each of which occupies 
about 10 per cent of the CRT horizontal trace. The horizontal position 
of each pip is controlled by adjusting the d-c reflector voltage for the 
corresponding microwave source. Reflector-voltage variations shift 
the pip with respect to the sweep since they shift the operating frequency 
with respect to the modulation. 
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9»2S, line Coii 4 >onents. — Since the heterodyne receiver provides 
more than adequate sensitivity, the line components may include suffi- 
cient attenuation so that the impedance mismatches of the oscillators 
and the detector do not increase the phase error excessively over that 
which results from the T itself. This may be achieved on the input side 



Fi«. 9-27. — Rear view of TBX-IBR impedance bridge. 


of the T by coupling the oscillators to the input line by 12-db directional 
couplers, and by inserting 10 db of matched attenuation between the 
couplers and the T. If the couplers are so spaced that their individual 
reflections do not combine adversely, the VSWIl looking back from the 
T will not exceed 1.05. If the detector is preceded by 13 db of matched 
attenuation, the VSWR seen by the output arm of the T will not exceed 
1 .05. Although the coupling networks and the isolating attenuators have 
introduced 35 db of the line attenuation, the high sensitivity of the 
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system will still allow the use of level-set attenuators which normally 
are adjusted for 5 db of attenuation in order to compensate for decreases 
in the output powers from the oscillators. 

The r-f components of the TBX-IBR impedance bridge exemplify 
the good mechanical arrangements that can be achieved with direc- 
tional couplers. Since this bridge uses an unmatched side-outlet T, 
the isolating attenuation is particularly important in order to prevent 
an already large phase errpr from increasing. As shown in Fig. 9*27, 
the microwave sources deliver power through their level-set attenuators 
to the 11 -db directional couplers on tl^e ri^t-hand side of the photograph. 
Power from the couplers is attenuate^ approximately 4 db by a metalized- 
glass pad, and then:enters the J?-arms of the T. Output power from the 
/f-arm is attenuated about 4 db by another pad and is coupled through a 
10-db directional coupler to the crystal mixer. The isolating pads 
are adjustable from .nearly 0 to 6 db. Since they introduce small reflec- 
tions themselves, and since the mismatches that they isolate vary slightly 
from one unit to another, the pads are adjusted for an optimum match 
looking into the test arm of the T. This adjustment is made with the 
aid of another impedance bridge. Between the isolating coupler and 
the mixer are the directional couplers by which the local oscillators are 
coupled to the mixfer. These couplers and tube mounts are identical 
with those used for the microwave sources, and production costs are 
minimized by using a common design for the two similar functions. 
Note that the reaction frequency meter is placed between the isolating 
coupler and the local oscillators, and, accordingly, the reaction on a pip 
indicates the frequency of the signal transmitted through the T. If the 
meter were placed next to the mixer, it would cause confusion by pro- 
ducing reactions when tuned to the local-oscillator frequency. 

The T is oriented so that the test arm protrudes through the front 
panel, and the reference match is coupled to the open junction which 
appears in Fig. 9-27. No r-f attenuator is included as a calibrating 
device, but it could be installed by removing the 4-db pad that follows 
the T. When used with a reference mismatch whose VSWR is 1.20 the 
attenuator must provide 11 db of attenuation at the reference level in 
order to measure an Vt as small as 1.05. In addition to serving as a 
calibrating device, this attenuator would provide increased isolation 
when the phase error tends to be large, and less isolation, but more 
sensitivity, when the phase error tends to be small. 

9*24, Receiver. — Although the TBX-IBR impedance bridge 
employed a standard W-5 i-f amplifier and preamplifier in order to 
expedite production, a more suitable receiver could be designed for this 
application. The W-5 receiver strip and preamplifier provide 7 i-f 
stages, a diode detector, and two video stages. The intermediate fre- 
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quency is 30 Mc/sec, and the bandwidth is about 2 Mc/sec. Since a 
recurrence frequency of 60 cps is used in order to synchronize hum 
modulation, it is necessary to modify the video amplifiers designed for 
radar applications. This receiver provides a reliable sensitivity of about 
— 120 dbw, and very stable operation at a microwave power level of — 100 
dbw. A more suitable receiver would provide a narrower pass band 
and hence could achieve greater sensitivity. The limit to which the 
pass band may be narrowed is determined by the duration of the i-f 
pulse that is generated. If the recurrence frequency is 60 cps, the pulses 
can have long durations, and the instability that tends to result from 
hum modulation is eliminated by synchronization. In addition, a more 
selective receiver is more economical since a high gain per stage can be 
realized with low current drain from the power supply. 

9*26. Range of Measurement. — Since the microwave sources deliver 

power at a level of — 16 dbw, and 
since the receiver has a sensitivity 
of —120 dbw, a line attenuation of 
104 db will result" in a signal equal 
to noise. If the line components 
introduce 38 db of attenuation, and 
if a signal level 20 db above noise 
is chosen from stable operation, the 
test-piece reflection must be large 
enough so that the attenuation 
through the T does not exceed 46 
db. This corresponds to a mini- 
mum Tt of 1.02. If an r-f calibrat- 
ing attenuator precedes the mixer, 

ha. 9-28.— CRT caiii^ration f<;r pano- Q isolating attenuation can be 

ramie impedance bridge. 

removed on the output side of the 
T, and the lower limit for r^is 1.01. Over a wide range of frequencies, 
bridge unbalance usually will not ju.stify extending the calibration to this 
low limit. 

If the receiver is linear, the CRT deflection is proportional to the 
magnitude of the test-piece reflection coefficient. Accordingly, a screen 
calibrated for Vt would appear as shown in Fig. 9-28. 

CALIBRATING DEVICES AND SOURCES OF ERROR 

There are three methods by which an impedance bridge can be 
calibrated in terms of r^. An adjustable load can be calibrated and 
coupled to the bridge to produce an indication equal to that produced by 
the test piece. Although this is not a desirable method for measuring 
Tty it is a convenient way of establishing an acceptance level for produc- 
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tion testing. A more desirable method uses a reference mismatch and a 
variable calibrated attenuator. The attenuator introduces or removes 
an amount of line attenuation equivalent to the ratio of the reference- 
mismatch and test-piece power reflections. However, this calibrating 
method necessitates coupling an accessory to the bridge. The ideal 
method is one in which a calibrating signal is produced by merely turning 
a switch while the test piece can remain coupled to the bridge. Since 
Tt is related to attenuation through the T, this method is achieved by using 
an r-f switch to direct the power around the bridge element and to the 
detector through an attenuation equivalent to some reference standing- 
wave ratio. 

9-26. Adjustable Reference Mismatches. — The adjustable reference 
mismatch that was developed for use with the TBX-IBR impedance 
bridge consists of a micrometer-driven steel rod that protrudes from a 
well-matched polyiron termination, The combined reflections of the 
rod and the termination produce a voltage standing-wave ratio that is 
very nearly proportional to the micrometer adjustment from 1.20 to 
1.50. The reflecting elements slide within the waveguide casing, and 
the effects of phase error and bridge unbalance may be averaged by 
phasing” the reflection to produce maximum and minimum indications. 

Since the device is fre(iuency-sensitive, individual calibration charts 
were prepared. Each chart was a family of constant-VSWR contours 
for corresponding fre(|uencies and micrometer settings. Although 
single-frequency plots of VSWR versus micrometer setting produced 
smooth, reproducible curves, the final charts were very erratic. The 
cause of these variations has not been determined completely, but their 
existence makes the device of dubious value. In addition, although 
the data were reproducible on the same day, the hygroscopic nature of 
the polyiron made the calibration subject to humidity conditions. 

9‘27. Fixed Mismatches and Calibrated Attenuators. — The simplest 
fixed mismatch can be made by placing an iris just ahead of a well- 
matched termination. The iris is soldered in place and then filed until 
the desired reflection is produced. Although the device will be fre- 
quency-sensitive, this variation can be minimized by making the reflection 
from the termination very small, by placing the iris very close to the 
termination, and by keeping the iris flat. Another type of mismatch 
can be made from a purposely mismatched resistive attenuator. Some of 
the absorbing material is removed from the leading edge of the strip, 
and the position of the strip in the waveguide is adjusted to produce 
the desired reflection. If the line is short-circuited at some point aftei 
the strip, the position of the terminating plate may be adjusted so 
that its reflection, reduced by the attenuating strip, is of the proper 
phase to minimize the over-all frequency sensitivity. 



558 


IMPEDANCE BRIDGES 


(Sxc. 9*28 


If an audio or video attenuator is used with the reference mismatch, 
the law of the detector must be known accurately. The attenuator can 
be made sufficiently accurate so that the detector law is the important 
factor. Measurements indicate that at low power levels, a crystal is 
very nearly a square-law detector. If the power level is increased 20 db 
from about —80 dbw, a crystal detector and audio attenuator will 
measure the increase as about 18 db, an error of about 2 db. Although 
this error in attenuation may seem large, the error in measuring will 
not be excessive for production-testing applications.^ 

If a calibrated r-f attenuator is employed, the law of the detector is 
unimportant, but the problem of frequency sensitivity arises. Actually, 


Reference* 

adjustment 

attenuator 



the frequency sensitivity of total attenuation is not important if a range 
of about 20 db can be obtained for which the slope of the calibration 
curve is frequency-insensitive. This procedure requires that some addi- 
tional loss can be tolerated and that the power levels at each frequency 
can be adjusted to compensate for the frequency sensitivity of total 
attenuation. Metalized-glass attenuators are somewhat frequency- 
sensitive as to both total and incremental attenuation, and the calibration 
curves at different frequencies cross over one another. Consequently, 
it is desirable to plan a crossover region that corresponds to the attenu- 
ation at the reference level. 

If the calibration is to cover a range of r< from 1.05 to 1.90, a logical 
choice for the reference-mismatch VSWR is 1.20. In this case the 
calibrated attenuator must provide deviations of ±11 db, and the drive 
mechanism can employ a special cam so that the scale is linear in r^. 
This scale can be made sufficiently expanded so that the error in reading 
is negligible. 

9*28. Built-in Calibrators. — A directional coupler and r-f switch 
may be used as shown in Fig. 9*29 to bypass the T and to provide a 
signal equivalent to that produced by, for example, an of 1.20. The 

^ The magnitude of the error in u is mentioned in Sec. 9-7. 



Sbc. 9*29] 


SOURCES OF ERROR 


659 


line attenuation equivalent to an of 1.20 is 26.8 db, and the small 
trimming attenuator is adjusted accordingly. The coupler should 
be designed to provide an attenuation of about 26 db. There are other 
arrangements of the components, such as interchanging the coupler 
and switch, that will work almost as well. For most cases, considering 
the usual mismatches in the various line components, the arrangement 
shown will minimize the error caused by reflection losses. R-f leakage 
must be minimized in all cases, and a coupler design, such as the 
Schwinger type, should be chosen in order to avoid the necessity of a 
correction curve for the frequency sensitivity of coupling. 

Reference - 



Fia. 9‘30. — Built-in calibrator that employs two directional couplers. 


A similar method is shown in Fig. 9-30. Two directional couplers 
are employed, and switching is accomplished by two attenuators which 
are operated by a single cam drive so that attenuation is introduced 
in one line as it is removed from the other line. The attenuators should 
be variable from about 0 to 40 db. This method may prove more 
expensive from the standpoint of components, but different designs can 
be chosen for the two couplers so that their frequency sensitivities tend 
to cancel. 

Since the errors resulting from the calibrated attenuator are the same 
for this as for other methods of calibration, the error of interest is that 
incurred in the reference-level determination. If it is assumed that a 
VSWR of 1.20 can be measured to ±0.01 by, for example, slotted- 
section techniques, then the built-in calibrator must have its insertion 
loss of 27 db known to ±0.40 db for comparable accuracy. This accu- 
racy applies to matched line components, and since reflection losses can 
be between 0 and 0.15 db in practice, the attenuation should be measured 
to ±0.25 db. It was shown in Sec. 9*7 that a slightly asymmetrical T 
does not introduce appreciable power-split error, and hence this error 
is not considered here. 

9*29. Sources of Error. — Although the sources of error can be enumer- 
ated, it is difficult to estimate the over-all error unless a specific bridge 
design is considered. In general, the output signal from bridge unbalance 
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will be equivalent to an n of between 1.01 and 1.02. If a rotating post 
within the T, or an adjustable reference match, is employed, a sliding 
match can be used on the test arm to facilitate optimum bridge balance 
at several frequencies simultaneously. By following this procedure and 
by checking it over the entire operating range of frequencies, bridge 
unbalance should not exceed 1.01. 

Phase error is given by Fig. 9-2 and amounts to ±0.01 when r* 
is 1.60 and the VSWR looking into the test arm is 1.10. This is a very 
well-matched T, and does not include the reflections from a mismatched 
generator and mismatched detector. In practice the VSWR looking 
into the side arm may be 1.50 and the corresponding phase error is 
±0.036 for an n of 1.60. For small test-piece reflections, the phase error 
is usually unimportant. 

The other main source of error is the method of calibration. For 
accurate measurements, the detector is used as a reference indicator whose 
level can be reproduced to approximately 1 per cent. A reference mis- 
match, or built-in calibrator, is used wth a calibrated attenuator to 
measure r<. If the reference level corresponds to a VSWR of 1.20, it 
can be determined to ±0.01. If the attenuation relative to this level 
is known to ±0.1 db, an r< of 1.60 will be in error by ±0.008. For small 
r/s the attenuation error is unimportant. If a reference mismatch is 
used which is not of the sliding type, the phase error can enter into the 
calibration procedure. In estimating over-all error, however, this 
factor will not be included since a sliding mismatch or built-in calibrator 
could be employed. 

Over-all error for a multifrequency impedance bridge is shown by 
Table 91. Errors that might arise from r-f leakage, incorrect side-arm 
dimensions, instability, and an illegible attenuator dial are not con- 
sidered. Also, it must be remembered that the errors in the table apply 
only to the hypothetical bridge considered in this section. 

* 

Table 91. — Probable Error for Typical Impedance Bridge 


Source of error 

Error 

n * 1.05 

in rt 

rt = 1.60 

Bridge unbalance equivalent to an rt of 1.01 

±0.011 

±0.017 

Phase error for test-arm VSWR = 1.50 

0.000 

0.036 

Reference-level reproducibility of 1 per cent 

0.000 

0.004 

Reference VSWR = 1.20 ± 0.01, or equivalent attenuation 

0.002 

0.035 

Calibrated attenuator error of ±0.1 db 

0.000 

0.008 

Maximum error 

±0.013 

±0.100 

Probable error 

±0.011 

±0.054 
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THE MEASUREMENT OF DIELECTRIC CONSTANTS 

By R. M. Redheffer 
INTRODUCTION 

In an ordinary material, which is the only type to be considered here, 
the electromagnetic field equations are linear, and the properties of 
the material that are relevant to a study of these equations may be com- 
pletely specified by two complex constants. These constants, called 
the complex dielectric constant and the complex permeability y are designated 
respectively by €q and hq (real) for free space and by e and /x (complex) 
for the material; e and y are usually separated into real and imaginary 
parts, with the notation 

€ = € — je' = €'(1 — j tan 6) = €oke{l — j tan 5), (1) 

M = m' - Jm" = M0‘ 

The equation for y is true for most nonmetallic materials, including all 
those with which the present discussion will be concerned. The dimen- 
sionless quantity tan 6 in Eq. (1) is called the loss tangent; it is equal to 
the power dissipated divided by the power stored per cycle (Refs. 2b 
to 5b) ^ and is thus a measure of the energy lost in the form of heat 
when a wave is propagated through the material. The quantity ke, 
likewise dimensionless, is properly called the specific inductive capacity; 
in the present text, however, k will be w ritten in place of ke and referred 
to simply as the dielectric constant. Since the parameters €o and juo for 
free space are know n, being in fact determined by the choice of measuring 
units, it is clear that the tw o constants k and tan 6, rather than c' and e", 
may be used to specify any given material, and these quantities will be 
taken as fundamental throughout the ensuing discussion. 

For reasons which are too well known to require enumeration here 
the values of k and tan 8 are frequently required in both industrial and 
laboratory work. With especial regard to experimental procedures 
as well as theoretical principles, and with emphasis on results rather than 
on derivations, it is the purpose of the present chapter to describe the 
chief means by w^hich these parameters are evaluated at microwave 
frequencies. Certain of the methods of measurement in the microwave 

* All references in text are to the Bibliography at the end of chapter. 
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region are similar, as far as principles are concerned, to the standard 
techniques used in other frequency ranges. For various reasons, how- 
ever, there is little in common besides this similarity of principle, the 
details of equipment and procedure being different from those of either 
the ordinary electrical or the optical frequencies. The necessity of 
preventing radiation requires rather extensive modification of the low- 
frequency techniques. The optical methods, on the other hand, are 
not directly applicable because of the reduced sample dimensions, as 
measured in terms of wavelengths, and, until recently, because of the 
difficulty of obtaining a constant frequency from a microwave generator. 
The method of detection is unlike those customarily used in either the 
low- or high-frequency ranges, moreover, as are the procedures for 
determining impedance or wavelength; and for microwaves, resonant- 
cavity techniques may be used which would be impractical in other cases. 
Because of these differences, microwave measurement of h and tan 5 
should be approached as a field of study in its own right, even though 
the same problem has been extensively investigated for neighboring 
ranges of the spectrum. 

10«1. Derivation of Relations for Proceeding from Data to Results. — 

Since the electromagnetic behavior of the material is completely specified 
by the parameters in question, it is possible to find their values by many 
different methods; in principle, practically any measurable effect the 
material may have on an electromagnetic field can be used for such a 
determination. If a wave of known wavelength X is incident upon a 
plane sheet of kno\\Ti thickness d, for example, there will be a certain 
transmission coeflScient and a certain reflection coefficient 

all quantities permitting direct measurement. In principle, any two of 
the four values <, r, and r' usually suffice to determine both k and 
tan 6, whereas if tan h is known to be negligible, only one measurement 
is needed for k. There is, to be sure, an ambiguity in that an infinite 
set of values of k and tan 5 Vill reproduce the observed data; but this 
difficulty, which is often encountered when the minimum possible number 
of measurements are used, may be avoided in practice by making a 
suitable estimate of the true value, or by repeating the measurement with 
slightly different initial conditions as will be described. It is clear that 
the experiment can be performed at a known angle of incidence 
or in a waveguide of known properties; and, instead of a direct measure- 
ment of tj r, and r', a determination of related quantities, such as 
the angle of incidence for minimum reflection, the thickness for minimum 
reflection, or the cutoff wavelength of the filled guide, can be made. 
Further variation may be obtained by changing the so-called ‘‘termina- 
tion'^ of the sheet which, instead of being backed by free space or by a 
matched load, may be backed by any suitable source of reflection; for 
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example, it may be backed by a second sheet similar to the first, by a metal 
plate, or by a termination that eliminates the reflection at the second 
air-sample interface. In all such cases two electrical measurements 
usually suffice to determine both k and tan 5, whereas with negligible 
loss only one measurement is required for k. 

Because of this great variety of methods which, in principle, make 
possible the evaluation of k and tan 6, it is inexpedient to derive the 
necessary theoretical expressions afresh for each case. Such an approach 
not only leads to an exposition of excessive length, but also obscures 
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Fio. lO*!. — Ileflectiou and transmission coefficients for one or two objects. 


the underlying unity of the methods, giving an impression of complete 
independence that does not correspond to the facts. Instead of this 
procedure of obtaining each equation from first principles as it is required, 
the following four results are presented, which are found to include 
every relation for the transition from measured to desired quantities 
which will be needed in twenty-eight of the thirty methods here 
considered. 

A Basic Configuration , — If the complex transmitted and reflected 
amplitudes in Fig. 10-1 are proportional to the incident amplitudes, and 
if the fields in the indicated regions of Fig. 10- Ic can be resolved into 
one or two waves as there shown, then the complex amplitude of the 
resultant wave moving from left to right at point Pq of that figure will 
be given by 
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where 

= % ( 3 ) 

and X 2 is the wavelength in region No. 2, which is assumed to be lossless. 
The complex coefficients t'\ t ", p" are defined in Figs. 10- la and 6, 
and /?" and T" are to be similarly interpreted; the propagation constant 
for general media is defined in the next section. 

Because of the importance of this result in the sequel, two derivations 
of it are given. Thus, the wave in question is equal to the sum of waves 
(1), (2), (3), • • • in Fig. 10- Id provided the sum is evaluated with due 
regard to phase; thus (cf. Ref. 76), 

C == At” + +•••+, 

which is equivalent to Eq. (2), since the series is obviously convergent. 
For the second derivation, it should be noted that the amplitudes .4, 
By •• • satisfy the relations (Ref. 6c) 

D = 

C ^ At" + Dp"y ( 4 ) 

B = At" + Dr"y 
E = 

by virtue of the superposition principle and the definition of r", • • • . 
The solution of this system for C/A again gives Eq. (2). 

If the wave in region 2 is allowed to travel to the second source of 
reflection, and through it, 

E _ 

A 1 - p"/e"c-2^^« 

is obtained for the transmission coefficient of the whole arrangement; 
and similarly, 

A 1 - p'7^"c-2^^‘ 

for the over-all reflection. Analagous procedure gives Z>, the amplitude 
of the wave moving from right to left at point Po of the figure. If 
this is added to the amplitude C, with due regard to phase, the field 
at the arbitrary point Pi between the two objects, Fig. 10* Ic is 

1 - 

These equations, which are immediate corollaries of the fundamental 
Eq. (2), may also be derived from the system of Eq. (4); their relevance 
to the theory of dielectric measurement will become apparent in the 
ensuing discussion. 
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Interface Reflection . — ^Like Eq. (2), the following result also will be 
used repeatedly for relating k and tan 8 to measured quantities: If a plane 
wave is incident normally on the interface between two lossless dielectrics 
kiy k 2 y then the complex reflection coefficient will be given by 


\/Wi — \/k2 
y/ki 4" \/fc2 


( 8 ) 


and the complex transmission coefficient by 




2 \/l^i 

Vki + Vh 


The wave is assumed to be traveling from the medium with constant 
ki to that with constant k 2 . The variation of r<, or U — 1, with ki/k^ is 
shown in Fig. 10*2a. A special case of the Fresnel equations, this result 
may be found in any text on optics; it is rigorously derived in Ref. 16. 

Arbitrary Incidence or Waveguide . — ^There will frequently be occasion 
to analyze measurements made in waveguide or at arbitrary incidence, 
as well as those for free space at normal incidence. On the other hand, 
a separate derivation of the results appropriate to these modified situa- 
tions is undesirable for reasons already stated. It is easily shown, 
however, that any relation of the type under consideration here may be 
used in these more general circumstances, if p of Eq. (2) and its corol- 
laries, and k of Eqs. (8) and (9), be replaced by appropriate quantities 
as indicated in Table 10- 1 (cf. also Fig. 10*26). 


Table 10- 1. — Equivalence Relations for Obtaining Equations at Arbitrary 
Incidence or i.n Guide from Those for Free Space at Normal Incidence 



To obtain the correct 

The propagation con- 


expression for the 

stant p must be taken 

Situation 

given situation, k in 

as the following, if k 

the free-space normal- 

is the dielectric con- 


incidence equation 

stant of region No. 2 


must be replaced by 

in Fig. Ic 

Free space, normal incidence; or coax- 


2r -s/jfc 

ial line, fundamental mode 
Waveguide propagating a TE-wuve 

k 

X 

with cutoff wavelength \o for the 
mode in question; or free space, 
incidence 0, J?-vector polarized per- 

i 

k — p 

2ic y/k — p 

1 - V 

X 

pendicular to plane of incidence 



Same, propagating a r3f-wave; or 

A* \ ^ 
k — p 

2ir y/k — p 

parallel polarization in free space 

X 
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The symbol p of the table stands for the squared ratio of free-space to 
cutoff wavelength, 



whenever the equations are concerned with waveguide (Ref. 27b). 
When the result is for free space, on the other hand, p is defined as 

p = sin^ $, (11) 

where 6 is the angle of incidence. This abbreviated representation, 
which ^^ill be used throughout the present chapter, is possible because 
the condition sin 6 = X/X^ leads to an exact equivalence between the 
results for free space and waveguide without further complication; 
perpendicular polarization corresponds to a T£-w'ave, parallel polariza- 
tion to a TM-wave. Like the equivalence relations of Table 10*1, this 
one is actually of considerable generality, applying to any series of 
parallel plates ^\dth arbitrary thicknesses and dielectric constants (cf. 
Refs. 66, 76, and 86). Since TE-\\£ives have apparently been most often 
used in practice, all waveguide results in the present te.^t are presented 
for T£-waves alone, unless the contrary is expressly stated; the extension 
to TM- waves is readily made by means of Table lOT if it should become 
necessary. The waveguides customarily used in dielectric measurement 
are coaxial, circular, or rectangular; and the cutoff wavelengths for the 
lowest (or most commonly used) mode in these three cases are respec- 
tively infinity, 1.706 times the inside diameter, and 2.000 times the 
larger of the two inside widths. The quantity p for waveguide is thus 
determined whenever X is known, since these dimensions of the guide 
are readily measured. An alternative procedure wiiich is sometimes 
more accurate is to determine the guide wavelength X^, for example as 
twice the difference between successive minima, and then to evaluate p 
by the relation 



Equipment and methods for finding the free-space wavelength are 
described in Chap. 5. 

Loss . — Although the general expression Eq. (2) assumes nothing 
about loss, those of the foregoing relations which involve k explicitly 
are valid only when tan 6 = 0. To the three fundamental results, 
Eq. (2), Eq. (8), and Table 10-1, must therefore be added a fourth 
which will allow the case tan 6 > 0 to be taken into account. The 
equivalence relation here is even simpler than those for arbitrary inci- 
dence or waveguide, namely, 

fe(l — j tan 6) s (fc sec 6)fr^^ 


( 12 ) 
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replaces k wherever it appears. This procedure, which follows easily 
from relations derived in Ref. 16, applies without error to any result 
based on Maxwell’s equations, provided only that the original equation 
for zero loss be written in complex form; specifically, no separation of real 
and imaginary parts or taking of absolute values can have occurred at 
any point in the derivation. When Eq. (12) is used in conjunction with 
Table 10*1, the operations must be carried out in the proper order. 
Thus, starting with the equation in complex form the relations of Table 
10*1 should be used to obtain the complete result for zero loss, and then 
k is replaced in this expression by its complex analogue. The reverse 
order of substitution mil not in general give the correct result. 

10*2. General Considerations Influencing Choice of Method. — In the 
foregoing discussion a number and variety of methods were noted by 
which k and tan 6 may be determined. Five or ten different possibili- 
ties were specifically mentioned, each of which may in turn be carried 
out by a number of experimental techniques. These methods them- 
selves are only representative of the many which may be used. Besides 
affecting the general treatment of derivation, this diversity of method 
also shows that some criterion for selection is much to be desired. 

Practical Considerations , — In a consideration of requirements, it 
should be noted that the choice of method will depend to a large extent 
upon the type of work contemplated; a method which is satisfactory in 
research is sometimes undesirable for routine measurement, and con- 
versely. Further subdivision is found when the preparation of the sample 
is considered, an operation which often takes more time than the actual 
process of measurement. Thus, a method requiring rod-shaped samples 
is almost impossible to use with certain types of laminates, which are 
ordinarily supplied in sheet form; but on the other hand, free-space 
methods, which require fairly large sheets, are inconvenient when the 
temperature and humidity are to be controlled or w hen the material is 
not available in quantity. The choice of method is likewise influenced 
by the properties of the material itself, apart from its form or availability; 
for example, those with high losses are not always conveniently treated 
by the methods used for low-loss materials, and similarly, materials 
of low dielectric constant (fc < 2), which are often inhomogeneous, are 
most accurately measured by methods utilizing a large sample, with 
the consequence that an average result is obtained. Still another item 
influencing the utility of a given method is the type of equipment avail- 
able; for example, it may or may not be easy to change the oscillator 
wavelength, the use of a traveling probe may be recommended or pro- 
hibited for various reasons, or the transmitter output power may be 
sufficient for some methods but not for others. The evaluation of the 
methods described in the ensuing discussion is based on considerations 
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of this type, which have been found of considerable practical importance 
in certain cases. 

Theoretical Requirements , — Before these methods are discussed in 
detail it is perhapS worth while to consider the respective roles played 
by the two parameters being measured, as this question too has con- 
siderable influence on the choice of procedure. First, it is found, in 
general, that the effect of k cannot be separated rigorously from that of 
tan 6, since any electrical phenomenon that depends upon the one will 
likewise depend to some extent upon the other. Quantitative con- 
sideration of the relations given in Ref. 16 or Eq. (12) easily leads to 



where X is the wavelength in free space, X^ in the material, and k is 
the propagation constant as usually defined. In other words, multi- 
plication by gives the change in amplitude and phase experienced 
by a plane electromagnetic wave when propagated a distance d through 
the material. The wavelength \m is inversely proportional to the real 
part of X, 



whereas the imaginary part gives a measure of the attenuation. Briefly, 
if the wave is propagated a distance \m, 

the phase increases by 27r radians; (16) 

che amplitude is multiplied by 

These two effects, phase and attenuation, depend upon X«, which involves 
both k and tan 6 ; and hence k cannot be determined from a single meas- 
urement of phase alone nor tan d from a measurement of amplitude alone; 
a simultaneous solution is necessjuy for the general case. 

Although separation of k and tan 5 in this sense is impracticable with 
the exact equations, it is feasible if certain approximations are allowed. 
In most .cases of practical interest tan 6 is small compared mth unity, 
and the expansion of Xm (Ref. 16) may be written 

Jw = ~ j^l - + 0(tan^ a) j ( 18 ) 

for the wavelength in the material, where, as elsewhere in this chapter, 
the symbol 0(x) means ^Herms of the order of To the extent that 
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tan® 5 may be neglected, Xn depends on k alone, and many equations 
giving k from measured quantities will in fact be the same as they are 
when tan 5 = 0 (cf. Fig. 10*2c), This approximation is the basis of a 
procedure often used in optics, where the effect of loss is considered for 
questions involving attenuation but is ignored for both measurement and 
computation of the index of refraction. In microwave work the approxi- 
mation tan® 5 « 0 is equally useful; not only does it facilitate computa- 
tion, but it allows the proper choice of the general type of measurement 
to be made for determining each of the two parameters. It should be 
noted from Eqs. (17) and (18) that any effect depending primarily on 
wavelength may lead to an accurate method of finding ik; and once k 
has been determined, any effect depending primarily on power absorption 
may be expected to give tan 5. Although derived here only for plane 
waves in an infinite medium, considerations of this sort are shown by 
Table 10*1 to be qualitatively valid for the majority of configurations 
encountered in the actual process of microwave measurement, and they 
will be frequently used in the follovring sections. ' 

METHODS DEPENDING ON TRANSMISSION IN GUIDE 

When tan 5 = 0 it is readily shown that k can be determined by 
measurement of either the amplitude transmission t or the phase shift t\ 
Upon more detailed examination, however, it is found that determination 
from t is, in general, considerably less accurate than determination from 
t'j even in the assumed situation tan 5 = 0; and when this condition 
is only approximately satisfied, which is always the case in practice, the 
errors are found to be much increased, being of the order of tan 5 in 
the first case, tan® 5 in the second. For the determination of loss, on 
the other hand, the situation is reversed, measurement of t giving an 
accurate, measurement of V an inaccurate, result. Because of theye 
considerations, which, incidentally, agree with the discussion of the 
relative effect of the two parameters, it will be assumed throughout 
the present section that k is to be determined from whereas tan 5 
is to be found from t. 

10*3. Techniques for Phase Measurement. — Measurement of t may 
be made with the equipment of Fig. 10*3a. The procedure as described 
in Ref. 6a is to adjust the phase shifter for minimum voltmeter reading 
(1) when the sample is not present, and (2) when it is present; the setting 
of the phase shifter should be noted in each case. With the arrangement 
of Fig. 10*36, the phase difference corresponding to these two settings 
is then determined or, when many measurements are to be made, the 
equipment may be completely calibrated. If A denotes the difference 
in probe position for the two settings in the equipment of Fig. 10*36, 
then Eq. (16) combined with Table 10*1 gives the relation plotted in 
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Fig. 10-4, 

for waveguide propagating a TE-wave (Ref. 6a). There is a certain 
ambiguity in the value of A, as anticipated in the introduction, for the 
addition of n\g has no apparent effect on the relative phases of the two 
waves, so that A may be increased or decreased by this quantity at 
discretion. The ambiguity may be resolved by estimating the dielectric 
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( 6 ) 

Fig. 10*3. — Mcasiiroment of k by phase sliift in guide. 


constant, or by repeating the measurement with a different sample 
thickness. 

R-j Errors . — The foregoing discussion is intended to illustrate prin- 
ciples only, and it includes a number of tacit assumptions that are not 
necessarily satisfied in practice. In deriving Eq. (19) it is assumed, 
for example, that the phase shift on transmission through a sheet of 
thickness d is exactly equal to 27rd/Xm, that is, to the phase shift obtained 
for propagation a distance d through an infinitely long medium. This 
relation, which is physically equivalent to neglecting the reflection r, at 
the two air-sample interfaces, may be shown to be true without error if 
and only if the thickness is an integral number of quarter wavelengths, 

, nX 

a = 

4 V ~ P 


(n = 0, 1, 2, • • • ), 


( 20 ) 
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or the dielectric constant is unity, fc = 1. In other cases, the error 
may be exactly compensated by a procedure similar to that to be described 
for the same error in free-space measurement; or it may be reduced to 
negligible proportions by the use of a sufficiently long sample. If the 
use of a long sample is impracticable, A may be taken as the average 
of the two values found for two values of d differing by approximately 
Xm/4. With this procedure (Ref. 6a), it is not difficult to show that the 



0 0.5 1 1.5 2 2.5 


(change in apparent length of line to restore minimum;/ 

« (thickness of sanf>ple) 

Fig. 10-4. — Dielectric constant vs. phase shift in guide. 

deviation in the final value of A will be of the order of rj, if r< is the reflec- 
tion at the interface between material and air. The deviation as found 
from a single measurement is of the order of r\. 

Closely analogous to the above error is the error due to reflection from 
the Y-joints of the equipment, which is shown by Eq. (5) to be of the 
second degree in the three variables: reflection of sample, combined 
reflection of first Y-joint and attenuator, and reflection of second Y-joint. 
The error is therefore small when these joints are moderately well 
matched, and all terms that involve the sample reflection r become of the 
fourth degree (Ref. 4a) when two measurements are taken with a cjuarter- 
wave displacement of the sample and the results are averaged. The use 
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of a magic T for these Y-joints will also decrease the error in certain cases. 
If still further accuracy is desired, at least for the shorter wavelengths, 
it is a simple matter to design attenuators giving a standing-wave ratio 
not much over 1.01 in power, although the design of well-matched joints 
and indeed of most other r-f components is difficult. In such cases it is 
sometimes helpful to precede each 


source of unwanted reflection by 
an attenuator, as suggested by 
Fig. 10-5. Except for terms of the 
order of T^AJ, it follows from Eq. 
(6) that 


Overall Unwanted 

reflection reflection 

^A+T^J,^ Attenuator, i4T 

V— '3 s 

Fig. 10«5. — Use of an attenuator to re- 
duce reflection. 


Over-all reflection ^ A + T^Jy 


( 21 ) 


for such an arrangement, if T is the transmission coefficient of the 
attenuator and A and J are respectively the reflection coefficients of the 
attenuator and termination. To apply this principle to the case at hand 
two attenuators are added to the right-hand Y-joint of Fig. 10*3a, located 
more or less symmetrically with respect to those already present, which 
are necessary in any case to prevent interaction between the two branches 
of the circuit.^ 

Additional r-f error is contained in the assumption of a constant 
generator frequency. Clearly, if this frequency is not the same when the 
readings are taken with and without the sample, or when the phase shifter 
is calibrated, than A will be in error by a corresponding amount. The 
error of calibration due to this difficulty is usually negligible in practice, 
and if necessary, it may be compensated by using appropriate values 
of the wavelength. Error due to frequency drift occurring in the actual 
process of measurement, on the other hand, may become serious if no 
precautions are taken in the design of the equipment. With A and B 
as the lengths of the two branches of the circuit (Fig. 10*3a), it is not 
difficult to show that the error in A is given by 


— X(r4^ + 0[(AX)1, (22) 

where AX represents the difference in transmitter wavelength with and 
without sample. The effect of the sample has been neglected, a proce- 
dure that is usually justified in calculations of this sort; it is discussed 
briefly in connection with Eq. (43). Since the error is proportional to 
{B — -4), it may become large when the equipment is used for measuring 

^ In Ref. 6a a set of values of k versus d was obtained without isolation of this type 
and the measured values varied from 2.4 to 3.1. When a single attenuator was added 
to the equipment, however, all values fell between 2.59 and 2.66. Except for this 
one change, the addition of an attenuator, identical equipment was used in both cases. 
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gases, and on the other hand the error is practically zero, independently of 
the total lengths A and B of either guide, when these lengths are equal. 
It is evident, then, that equipment of this type should be designed to 
be symmetrical; the two branches should not only use guides with the 
same internal dimensions (as here assumed) but also have substantially 
the same length. Of course such considerations are relevant only when 
the transmitter is moderately unstable, permitting a frequency drift of 
perhaps one part in five or ten thousand ; instability of this or higher order 
was often encountered when the work here presented was first carried 
out. Recently, however, methods have been found by which the 
frequency of a klystron transmitter can be stabilized to ^\^thin one part 
in 10®, and if such equipment is used for dielectric measurement the 
expedients here described are unnecessary. In the present chapter 
this remark applies whenever questions of frequency stability are 
discussed. 

Other Errors . — If the error due to loss, which is of the order of tan- 6 
and negligible for our present purposes, is omitted,, the above discussion 
summarizes the significant r«f errors in the derivation ai luj. (19) from 
measured quantities. Besides these errors, some inaccuracy due to the 
equipment and the experimental procedure is inevitable; much of this 
may be avoided by the use of precision instalments and sufficient 
care in taking the readings. The standing-wave detector used to 
calibrate the phase shifter, for example, must have the same internal 
width as the guide containing the sample; or, if not, the measured value 
of A, as determined from Fig. 10*36, should be corrected by the relation 



where X, is the wavelength in the standing-wave detector, and \ that 
in the portion of guide which is to contain the sample. The remaining 
details of the proposed method of calibration are similar to those of the 
short-circuited-line method for measuring dielectric constants, which 
will be discussed subsequently. Other procedures are possible; for 
example, the meter reading may be taken as a function of the position 
of the phase shifter with the guide empty, and the resulting sine curve may 
be used to determine the relative phases of the two waves. Partly 
because the attenuation depends to some extent on phase-shifter setting, 
however, this method is usually less accurate than that of Fig. 10*36. 
A third procedure, of course, is to use a phase shifter that is known to be 
linear and hence to require no calibration. Such a device is described 
in connection with free-space measurement. 

Throughout the foregoing analysis it was assumed that the physical 
lengths of all waveguides remained unchanged while the experiment 
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was being carried out. In normal circumstances such an assumption 
is justified whenever the r-f paths are sufficiently short, since the actual 
(as well as the percentage) expansion due to temperature variation will 
then be very small. As in the case of frequency instability, however, 
to which the present effect has a certain formal resemblance, it is found 
that variation due to temperature changes may become serious whenever 
the path differences are large. Such large differences are likely to occur 
in the measurement of gases. Thus, the error results from the magnitude 
of the change in length and may be considerable for moderate temperature 
variation when the original length is large. It must be noted too that 
the cutoff wavelength \c depends on the temperature. The result of 
this variation, which happens to ehhance the effect of the change in 
length, is to alter the guide wavelength in accordance with Table lOT. 
It has already been shown that the error resulting from a change of wave- 
length is proportional to path difference [Eq. (22)]. A precise expression 
for the particular effect in question, may be obtained by replacing 
AX/X in Eq. (22) by dAT, with the result 

Error in A = a{B — A) + O(a^), 

where a is the coefficient of expansion for the metal of which the guide is 
made, AT is the temperature change in units appropriate to the value 
of or chosen, and (B — A) represents the difference in geometrical path 
lemgths as shown in Fig. 10-3a. This result, which does not assume a 
rectangular guide, takes account of the change in \c as well as of that 
in {B — A); the effect of the sample itself is neglected as in the derivation 
of Fa\. {22) y however, and a is assumed independent of temperature over 
the range AT. 

Since the error is proportional to (^ — A), the equality of paths 
should be retained regardless of the over-all length required, and since 
the error is proportional to A7\ compensation may be necessaiy, even 
with small path differences, when the dependence of k and tan 8 on tem- 
perature is being investigated (cf. Ref. IGa). Since the value of AT is 
usually known, in order to compensate the error the measured value 
of A may be corrected, and either the computed or the measured values of 
(I and \c appropriate to the new temperature may be used in all calcula- 
tions. For such a procedure only approximate values for a of the sample 
and the guide are required; in fact the value for the guide may be evalu- 
ated in terms of the shift in A vnih temperature. Any error from 
(clearance, produced by the difference of expansion of the guide and the 
sample, may be compensated as described subsequently, if necessary, 
although the effect due to temperature alone is completely negligible in 
ordinary practice. If a complete curve of k vs. temperature is taken, 
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such a condition requires merely that the setting be repeated without 
the sample and that d and Xc be evaluated from time to time as the experi- 
ment progresses. When practicable, this procedure is usually preferred. 
The same or substantially equivalent methods are valid for estimating or 

compensating the effect of temperature in 
all methods to be considered. 

A third source of error is the clear- 
ance between the sample and the guide, 
which is necessarily present to some ex- 
tent in all methods not carried out with 
the sample in free space. Although the 
exact theoretical results are available 
for the situation illustrated in Fig. 10-6, 
it suffices here to give the empirical equation 

- 1) p + 1, (24) 

which has been experimentally verified in a number of cases (Ref. 4a). 
The stated dependence on V is suggested by the uniformity of the A’-field 
in the vertical direction; that the result is substantially independent of 
a' for small clearance, follows from the fact that the field is zero at the 
sides of the guide. Corrections for clearance may be given in other 
cases, for example, for round or coaxial waveguides, although it is usually 
necessary to assume that the sample is centered for an exact theoretical 
derivation. It must be mentioned that errors from clearance can be 
greatly reduced by use of a mode in which the E-^e\d is tangential to 
the inner surface of the guide at all points. The field must then be nearly 
zero at the edges of the sample, and hence, for all dimensions, a reduction 
of error is obtained which is similar to that noted in connected with dimen- 
sion a' of Fig. 10-6. An example of such a mode is the 7'J^"ormode in 
circular waveguide, which was suggested and actually used in Ref. 13a 
as a means of eliminating this source of error. 

A final error is found in the actual process of determining A, as the 
phase shifter evidently cannot be adjusted exactly to give minimum 
power. This error is reduced to a small value, however, if the waves in 
the two branches of the equipment have amplitudes so nearly equal 
that the minimum meter reading is practically zero. The result may 
be magnified by an increase of over-all gain or, what is essentially the 
same thing, by the use of a logarithmic meter, and hence a small change 
in setting of the phase shifter suffices to produce a large change in meter 
reading. Because the minimum can be made very small by appropriate 
adjustment of the variable attenuator in Fig. 10-3a, the only obvious 
limitation to the accuracy that may be obtained (with constant generatof 
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frequency) is set by the transmitter power and the signal-to-noise ratio 
of the receiver. In practice, howeYer, it is not usually possible to obtain 
zero both with and without the sample, as the transmission coefficient 
t is less than unity. Since the phase shift of an attenuator depends upon 
its setting, moreover, this difficulty cannot be completely overcome by 
any simple procedure. It may be partially obviated by adjusting the 
attenuator initially to give somewhat too little power in one branch when 
the sample is not present, and somewhat too much when it is. This 
adjustment, which is made by observing meter reading vs. attenuator 
position, depends for its efficacy upon the fact that t is usually close, even 
though not exactly equal, to unity. The error in A is thus made negligible 
compared with the other errors, for most applications, especially if the 
sample is reasonably long. The increase in accuracy here described 
is, of course, obtained only when the phase shifter is set for minimum 
or near-minimum meter reading; in particular, the whole method of 
measurement is inaccurate if the attempt is made to set on a maximum. 
It is perhaps worth noting that transmission errors have much in common 
with errors encountered in the other procedures to be investigated; 
these other errors may often be treated by the same methods or even by 
the same equations that are presented in detail here. 

10.4. Techniques for Amplitude Measurement. — The general proce- 
dure used and the chief difficulties encountered when k is found by 
measurement of transmission in guide have been indicated. With regard 
to the question of loss, from Eqs. (12), (13) and Table lOT, 

tan 5 = — - ^ 0(tan^ 5) (25) 

may be obtained for tan 6 in terms of the amplitude transmission coeffi- 
cient /, if it is assumed for the moment that no power is reflected at the 
interface between air and medium. 

Direct Measurement of Transmission . — To measure t directly the 
procedure suggested in Fig. 10'7a, may be used, which leads to 

receiver reading with sample 
receiver reading without sample 

monitor reading without sample 
monitor reading with sample 

whenever second-order terms in the generator reflection, the sample 
reflection, and the reflection of the termination may be neglected. As 
previously, all terms except the product of the generator reflection and 
the reflection of the termination are reduced to the fourth degree if the 
experiment is repeated with a quarter-wavelength displacement of the 
^mple. When the isolating attenuator is properly designed and placed 
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in the position shown, rather than in the fixed part of the line as might 
perhaps seem more natural, then it is seen from Eq. (21) that this product 
term will be negligible irrespectively of slight inaccuracies in the joints. 
Quantitative evaluation of the maximum error in this and similar 
methods of transmission measurement may be made by means of Table 
10*2 if is ip taken to mean the reflection from the sample. The effect 
of detector nonlinearity is the same for measurement of transmission 



Fig. 10-7. — Direct nieasurenient of transiniswioii. 


by this method as for measurement of a power standing-wave ratio by 
the maximum-to-minimum technique. The ratio of transmissions for 
different sample lengths is often required rather than the actual value 
of the transmission, and a modified procedure that eliminates error from 
the terminating reflection may then be employed. Thus, instead of 
reducing this reflection to a zero or near-zero value, the phase may be 
adjusted in such a way as to maximize the receiver reading; or, what is 
nearly the same thing, the bolometer may be matched to generator plus 
sample rather than to the line. For the validity of either procedure, it 
is necessary and sufficient that the reflection of generator plus sample 
be constant, a condition that will usually be realized only when the sample 
transmission is so low that the over-all reflection r nearly ecpials the inter- 
face reflection Thus, the method should not be used for short low-loss 
samples. Another property 6i this method which makes it unsuitable 
for such samples is that the transmis.sion of the phase shifter itself 
will depend to some extent upon the setting; the change in transmission 
so introduced must be compensated by previous calibration unless it is 
negligible in comparison with the change in transmission being measured. 
The error from generator reflection persists in general even with this 
modified procedure, but if the sample has low transmission — which is 
a desirable property with this method in any case — then the error is 
eliminated whenever the distance from the generator to the nearest 
sample interface is held constant. It must be mentioned again, however, 
that the ratio of two transmissions only is considered here. The proce- 
dures outlined in this paragraph are incorrect when the value is desired 
in an absolute sense. An illustration of the correct application of the 
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method is given in Ref. 8a, where the loss tangent of water is evaluated. 

Still a third method of finding t directly is suggested in Fig. 10-75, for 
which a relation is given in Ref. 17a, 


I — r y / + y / min for probe #2 ] 
L V max + \/min for probe #1_ 


[same, without sample], (27) 


with an apparent error of the order of the sample reflection times the 
reflection of the termination independently of generator mismatch. 
Unlike the procedures hitherto described, however, this one involves the 
use of a traveling probe, which is shown in Ref. 5a to lead to large inaccur- 
acy in certain cases. The fractional error is of the second degree in the 
five quantities: reflection of generator, reflection of first probe, reflection 
of sample, reflection of second probe, reflection of load; several of the 
terms involving probe reflection remain of the second degree, in general, 
even if an average with quarter-wavelength displacement is taken. 
The need for reducing this source of reflection is thus apparent. 

Measurement of the Difference between Transmission and Unity . — 
Although the foregoing methods of finding t are simple and direct, they 
are not entirely satisfactory when the loss is low. Thus, it is seen from 
ICq. (25) that it is essentially I — t rather than t which is desired, with 
the result that the fractional error in tan 5 greatly exceeds that in t 
when / « 1. To overcome this difficulty the bridge method previously 
described may be used, which gives 1 — essentially, rather than t. 
Thus, 


I - t = 


2m 

M + in 


(28) 


where is the maximum, m^ the minimum meter reading observed as 
the setting of the line stretcher is changed with the sample in place, 
if the variable attenuator has been adjusted to give a minimum of zero 
with the sample removed. To avoid overloading the detector, the 
maximum il/^ is taken with the fixed attenuator present, the minimum 
in^ with it absent; the true maximum for substitution in Eq. (28) is then 
equal to the measured maximum divided by the transmission coefficient 
of the attenuator. 

Such a procedure reduces errors due to nonlinearity, as may be easily 
shown, but its indiscriminate use is likely to lead to errors of another kind. 
Thus if the insertion of an attenuator reduces the power by a given 
amount in Fig. l()-8a, it causes, in general, a different reduction in Fig. 
10-85; the ratio of power with and ^^'ithout the attenuator is, however, 
independent of probe position in both eases. For quantitative treatment 

is defined as the ratio of powers ^^ith and \Ndthout attenuator in Fig. 
10-8a, T* as the ratio in Fig. 10-85, R as the amplitude reflection coefficient 
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Probe - 


Attenuator 


for the load, G for the generator, and A for the attenuator. If the attenu- 
ator is not symmetrical, A is the reflection coefficient from the right for 
the first situation, from the left for the others in Table 10*2. With the 
aid of this table, in which only the last two entries are approximate, the 

attenuation is found to be inde- 
pendent of the position of the atten- 
uator, of the position of the load, 
and of the magnitude of the reflec- 
tion from the load if, and only if, 
two of the three quantities A, R, 
and G are equal to zero (Ref. 2a). 
In particular, the generator must be 
matched to the line rather than to 
the load if the errors for high stand- 
ing-wave ratios are not to be prohibitively large; the corresponding reduc- 
tion in available power leads to complications in certain cases. 


i V > 

' Co 

on 

Attenuator 

(«) 

•y 

Probes 

f 

) ^ 

Ca 

1 

0) 


Fia. 10-8.- 


-Typical application 
attenuator. 


of 


Table 10-2. — Theoretical Errors Introduced by Improper Use of an 

Attenuator 




— 

Extremes 

Situation 

I^ast possible 
value of T /t 

Greatest po.ssil)lo 
value of T /t 

possible in 
ordinary 
(’ases 

(r — 0, /? and A finite 

(1 - RAy 

(1 + RAy 

\'es 

=» 0, G and A finite 

(1 -GA)» 

(1 +GA)' 

Yes 

A ^ OjG and R finite 

(\ ~ RGry 

V 1+ / 

(\ -h RGTy 
\ \ - RG ) 

No 

A =» 0, (7 and R finite, 
phase shift through 
attenuator same as 
for empty line 

(\ -\- RGry 

V 1 + ftC 

(\ - RGTy 

V 1 - rg) 

Yes 

G, ft, A, ^ite T « 1 


\ f\ -f ray ^ 

Yea, for eer- 


;(l^) 

t a i n at- 
tenuator 
lengths. 

T <5C 1, generator in- 

(1 - RA)* 

(1 + RAy 

Yes 

itially matched to 

(1 - «»)» 

(1 - io y 

load 
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If the calibration of the variable attenuator is known, an alternative 
procedure is to adjust the attenuator for zero minimum with and without 
the sample, whereupon the ratio of the attenuator transmissions for the 
two cases is easily seen to be equal to the transmission desired ; that is, 



( 29 ) 
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if t is the transmission coefficient of the sample, as usual, and Ti, T 2 
are those of the attenuator when adjusted to give a minimum meter 
reading of zero with and without the sample, respectively. The chief 
advantage of this procedure over those discussed hitherto is that the 
result is now independent of the linearity of the receiver. This inde- 
pendence of linearity is characteristic of all procedures that merely 
reQuire two readings to be equalized, and, although not explicitly men- 
tioned in all cases, it is of frequent application in the present discussion. 
Error from reflection is again given in Table 10*2. 


0 


Isolating 

attenuator 



Generator 


Attenuator 

being 

calibrated 


Short circuit 




Fig. 10*9. — Calibration of a low-loss iionreflecting attenuator. 


Because the range of attenuation is small for most applications, the 
calibration may be carried out by the method suggested in Fig. 10-9; 
from Eq. (6) with r" = p" = 0 


_ [(SWR) - 1] 
[(SWR) + 1] 


(30) 


is obtained for the attenuator transmission T in terms of the measured 
standing-wave ratio. The error in the method of Fig. 10-9 due to 
attenuator reflection, which must be small anyway for the application 
suggested, is shown by Eq. (6) to be of the first degree when a single 
measurement is made, of the second if two measurements are averaged 
with a quarter-w avelength displacement. When the attenuation exceeds 
1 db, the measurement of the standing-w ave ratio must be carried out by 
taking maximum and minimum meter readings, as usual, whereas for 
lower attenuation, the procedure is preferably that described in con- 
nection with the short-circuited-line method. In the first case probe 
errors are of the order of the product of the reflection being measured 
and the probe reflection; in the second they are negligible (Ref. 5a). 
From this |ind other considerations it is concluded, finally, that the 
attenuator should be calibrated by one of the methods of Fig. 10-7 
for moderate or large attenuation, and by the method of Fig. 10-9 for 
small attenuation. 

Thus far it has been assumed that the transmission coefficient of the 
phase shifter is independent of setting, which is actually not the case in 
normal practice. The error due to this variation may be shown to be 
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negligible when t' is being considered, but when i is to be found by 
the method just described the error must be considered in somewhat 
greater detail. By application of Eq. (28) to the situation illustrated 
in Fig. 10-36 it is a simple matter to calibrate the phase shifter, and the 
transmission, although not constant, is then known as a function of 
the setting. With this information available the error due to the effect 
in question is readily corrected by the relation 


/ = -- r nU) 

{Mh + mh)' 


which replaces Eq. (28), and by 

t 


r,t2 


(31) 

(32) 


instead of Eq. (29). In these ecpiations, which are valid without appre- 
ciable error if the reflection from the phase shifter may be neglected, 




Fio. 10*10. — A calorimeter for mea.surinK lo.ss. 


t 2 is the transmission of the phase shifter when it is set for minimum read- 
ing with no sample, and tz and ti are the transmissions when it is adjusted 
for maximum and minimum readings, respectively, with the sample in 
place. 

A Calorimeter Method . — hitherto has been confined to the 
standard methods of r-f power measurement. Partly because of its 
novelty one other procedure is considered which requires none of the 
r-f components that have played an essential role in the foregoing 
discussion. With the procedure in question, developed in Ref, 15a, 
the temperature change caused by the r-f power absorbed is measured, 
and from this temperature change the loss tangent of the material is 
obtained (see Fig. 10*10). If {^T)t denotes the difference between input 
and output temperatures at time t after the r-f power is turned on, a 
plot of (AT)^ — {AT)t vs. ^ is a straight line on semilogarithmic paper 
with slope 8 given by 
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where A is the cross-sectional area of the coaxial line, q the rate of flow 
of liquid, and a the attenuation constant, defined by the relation 

E{x) = 

which gives the amplitude E{x) at point x inside the liquid. The fore- 
going result was obtained for the period of temperature rise. After the 
steady state has been reached the transmitter may be turned off. The 
temperature difference will now decrease exponentially, in such a way 
that {AT)t vs. t will be a straight line with the same slope as that 
formerly obtained for {AT)t — (AT)^. As a check for experimental 
accuracy, the slope s is evaluated in practice by both methods. The 
method appears to be most feasible in coaxial line, since the center con- 
ductor supplies a convenient return path; in this case Eq. (17) of the 
introduction, together with the above equation, gives the simple result 



for sec 5 in terms of the measured quantities s, A, and A:, provided the 
first three are expressed in a consistent system of units. 

The experimental procedure is to measure the temperature difference at 
regular interv'als from the time at which the transmitter was turned on, 
with due care to keep the input power and rate of flow constant. From a 
logarithmic plot of temperature difference vs. time, the slope s is obtained. 
The quantities A and q, and with them the ratio A/g, giving the velocity 
of the liquid, are determined by standard methods, whereas k is found 
by a separate r-f measurement of the type considered elsewhere in this 
chapter. 

The foregoing discussion gives only the essentials of the method, and 
it remains to consider the conditions for its validity. In the first place, 
the power was assumed to be traveling in a direction opposite to that of 
the liquid flow, as illustrated in Fig. 10*10. It was shown in Ref. 15a 
that this condition is the most satisfactory experimentally; it leads to a 
time constant that is smaller than that obtained in other circumstances, 
and that is, moreover, independent of the length of the liquid column. 
The limitation on this last statement is that the length must be sufficient 
to absorb practically all the r-f power, that is, a traveling wave must exist 
in the sample rather than a standing wave, and only negligible power must 
reach the termination. This condition, which requires either very long 
or very lossy samples, seriously restricts the utility of the method, apart 
from the fact that it is applicable to liquids only. The use of a short 
circuit for the termination, if accompanied by a suitable modification 
of the theory, could be expected to allow lengths half as great as those 
otherwise permitted; but the restriction on length would still be incon- 
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venient for most materials. Another assumption was that the flow is 
laminar, a condition which need be only approximately satisfied in prac- 
tice and which is sufficiently assured by the proper design of the end 
plates. Local velocity variations with time must be avoided, however, 
and precautions must be taken to prevent heat interchange between the 
input and output pipes. In conclusion, the method has the disadvan- 
tages of giving loss alone, and of applying only to a very special type of 
sample. Its accuracy is apparently not sufficient, moreover, to permit 
measurement of small losses. On the other hand it is advantageous in 
that it requires no r-f equipment besides the generators, and it has a cer- 
tain theoretical interest in that it can be used for absolute power measure- 
ment. Henceforth, however, only the more familiar r-f techniques will 
be described. The following discussion is not intended to apply to the 
calorimeter method. 

10.6. Details of Computation. — It is possible to determine transmis- 
sion with considerable accuracy. Most causes of error noted above in 
connection with such as clearance or generator instability, are rela- 
tively less serious for and may be corrected when Yiecessary in the 
same way as before. For the computation of tan 8 from the accurate 
value so obtained, however, it may be observed that the simple equation 
given for this purpose is actually incorrect in many cases. By analogy 
to the procedure used in deriving Eq. (19), the interface reflection r,- 
was neglected and the attenuation was computed as though the wave were 
simply traveling a distance d through a continuous medium. In the 
equation for k, Eq. (19), the error due to this neglect of r* was found to 
be of the second order and to be, moreover, rigorously equal to zero 
for many values of the thickness. In the present case, on the contrary, 
not only does the error persist for all values of d, but the change in i due 
to interface reflection — far from being negligible — is often fifty or a 
hundred times greater than the change due to a nonzero tan 5. In 
other words the terms neglected in the derivation of Eq. (25) are usually 
more significant than the terms retained, and the need for further investi- 
gation is clear. 

Exact Solution , — In the first place, the problem may be solved 
exactly by the relations given in the Introduction. Thus, if and 

as given by Eqs. (8) and (9), are substituted for the quantities 
r, T" and p", r" of Eq. (5), 




4 

{y/k + 1)* - {y/k - l)*e~*^vw 


(33) 


is found to be the complex transmission coefficient of a single lossless 
sheet of thickness d, when a plane wave is incident normally upon it in 
free space (Ref. 15). The corresponding equation for guide is obtained 
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from Table 10*1, and finally application of Eq. (12) to the resulting 
expression gives the general relation for arbitrary loss. The two non- 
complex equations eventually obtained in this way are unfortunately 
transcendental as well as simultaneous; they may, however, be solved 
graphically or by successive substitution. In this latter case use is made 
of the fact that the computation of k is practically independent of tan 5, 
and an accurate value may be found directly by Eq. (19). This pre- 
liminary value for k is then substituted in the final form of Eq. (33), 
which thereupon becomes quadratic and may be solved by elementary 
methods. With tan 6 equal to the value thus obtained instead of zero, 
Eq. (33) is used to find a more accurate fc, and so on. The process 
converges rapidly in most cases; in fact, as was observed in connection 
with Eq. (19), the first value of fc, computed for tan 5 == 0, will ordinarily 
be correct within the experimental error. 

Although numerical solution of Eq. (33) is not convenient, the values 
of both k and tan 6 are obtained in principle from the measured quantities 
tj t\ dj X. If conductor losses be dealt with as suggested, no theoretical 
error is introduced in the "transition from data to results. Of course the 
experimental errors remain, however, and upon more detailed investiga- 
tion it is found that those in tan S will be excessive for all but certain 
limited ranges of the parameters. Thus, the percentage change in t 
or 1 — / caused by a positive rather than a zero value of tan 6 is usually 
small ; conversely, a small change in the measured transmission will often 
lead to a large, or even infinite, percentage error in tan d. In this situa- 
tion, which is the usual case for arbitrary values of d and moderate loss, 
the present method of loss measurement is relatively useless whether or 
not the exact equation be employed. 

Low Transmission . — ^To obtain a large percentage change in a meas- 
ured quantity, as tan 8 increases from zero to a finite value, two proce- 
dures may be used, namely, a large value of rf, or a lossy sample may be 
taken so that the change will actually be great in magnitude; or a sample 
that will have almost complete transmission for zero loss may be used, 
so that the percentage change in 1 — / caused by tan 8 will be large 
whether or not the actual magnitude is large. The first situation is 
expressed by the inequality 


«1 


for which Eq. (5) leads to 

„ \An i)+p 

te~^^ « (I — ^ ' , 


(34) 

(35) 


instead of the exact equation corresponding to Eq. (33). Equation (35), 
which is valid whether the wave he TE or TM, suggests that the measure- 
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ments be repeated with two different values of d, as such a procedure 
will eliminate r< or r\ and lead to a nontranscendental solution for both 
fc and tan 6 without further approximation of any kind. Thus, 



where d now stands for the difference between the two values of d, A 
for the difference in the two values of A, and t for the ratio of the two 
values of L For its validity this equation requires only that interaction 
between the two faces of the sample be negligible; in particular, it is not 
even assumed that tan b is less than unity. To compute k and tan b 
the result for zero loss is obtained, Eq. (19), to which Eq. (34) evidently 
reduces whenever tan^ 5 = 0; and from this the term indicated in Eq. (36) 
is subtracted. Having thus found fc, tan 5 may be computed from Eq. 
(37), which is equal to the square root of the correction term already 
found, multiplied by an easily computed factor. As may be seen from 
Eq. (5), the theoretical error in Eqs. (36) and (37) is of the order of 

or somewhat less if the two values of d differ by n\m/2. The experi- 
mental errors will be relatively small for the assumed situation, as the 
effect being measured is large in both percentage and magnitude. 

The method just described was used in Ref. 8a to evaluate the loss 
tangent of water, for which the transmisvsion is low enough to satisfy 
all the requirements noted above. It was verified that p can be neglected 
when k is sufficiently large, a result which is evident from Eq. (35) or 
from Table 10* 1 of the present text. The equations appropriate to 
free space wxre used accordingly in Ref. 8a even though the measure- 
ment was carried out in guide. Such a procedure, it is perhaps worth 
mentioning, is usually valid for the propagation constant alone; the 
effective k used for interface reflection involves (I — p) as a factor, and 
hence the dependence must be retained regardless of its magnitude 
(Table 10*1). 

With the propriety of the simplified equations for p = 0 verified, 
the presence of negligible interaction between the sample faces, which 
follows theoretically from Eq. (34), was checked experimentally. To this 
end a complete curve of transmission vs. thickness, rather than only 
two points as hitherto described, was obtained (see Fig. 10*1 la), and 
log i was plotted as shown in Fig. 10*116. The thickness itself, which was 
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too small to measure directly, was obtained as the quotient of the volume 
of the water and its surface area. If Eq. (35) of the present text is valid, 
then a curve of the type given in Fig. 10- lib should be a straight line. 



Fig. !()• 1 la.-- U.so of transmis.siou in coaxial line to detorinine the loss tangent of water 

(from Hef. Ha). 



Fig. 10* Ilf). Data obtained with the apparatus shown in Fig. 10*1 la. 


It may be shown, conversely, that if this curve is a straight line, then 
Eq. (35) is valid. With axes chosen to give such a linear relation, the 
best-fitting curve is particularly easy to find by least-square methods. 
The slope of this best-fitting curve (that is, straight line) gives the proper 
values for substitution in Eq. (35). No error is introduced by the mica 
partition, for Eq. (5), which leads immediately to Eq. (35), assumes 
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nothing about the origin of r", T", i2". Thus, Eq. (35) and the 
cancellation attendant upon taking the ratio of remain valid for the 
present situation if be interpreted as the transmission coeflBcient 

of the three-medium transition from air to mica to water. Similarly, 
the error term r} exp [— (4Td/X«,) tan 5/2] remains valid if be taken 
as the over-all reflection of the same three-medium transition. 

This investigation described in Ref. 8a, which has been here dis- 
cussed in some detail, was carried out with regard to water alone, but 
many of the principles employed have a general validity that is relevant 
to less specialized problems and may well be given a place in the present 
discussion. Such a principle is embodied in the use of a complete curve 
of A* or tan 5 vs. some easily varied parameter (Fig. 10*116) ; not only does 
it give a check for certain inaccuracies but it often leads to an increase 
in accuracy by virtue of the well-known behavior of probable error in 
such circumstances. Similarly, cancellation of the effect of the mica 
separator, which is shown by Eq. (5) to be obtained regardless of the 
transmission or loss, is often found for extraneous effects of this sort 
if a ratio is taken as here described. A third princii3le, which is like- 
wise of general utility, is the modification of procedure and theory to 
suit the special problem at hand. Thus, the fact that k was large in this 
particular case permitted use of the somewhat simpler free-space equa- 
tions; similarly, the fact that the interface reflection is large with k 
large suggested that the maximizing procedure described, rather than 
some other method, be used for finding the transmission. And finally, 
the fact that the sample was a liquid permitted use of a novel and accurate 
method of measuring the thickness. Although they are not specifically 



Fia. 10- 12. — Use of tapered c^ds to 
eliminate interface reflection; 


mentioned here with every method 
treated, it is clear that such proce- 
dures, and similar ones which will 
suggest themselves to the reader, 
are sometimes of considerable util- 
ity in dielectric measurement. 


Moderate or High Transmission . — It frequently happens that the 


loss is too low for Eq. (34) to be satisfied with conveniently small values 


of d. In this case a large magnitude for the measured effect of tan 5 


cannot be obtained, but it is still possible to obtain a large percentage 
effect by the procedure outlined above. Specifically, a sample is used 
that would have high transmission for zero loss, whereupon the value 
of 1 — which can be measured directly, will depend critically on tan 5. 
Thus, instead of measuring a large quantity with high accuracy a small 
quantity is measured with moderate accuracy, an operation which is 
considerably more practicable. To achieve the desired characteristics 


of the sample the technique suggested in Fig. 10*12 may be used, where 
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reflection at the aii^sample interfaces is practically eliminated by the 
taper. ^ Higher modes are obviated when the inner dimension A of the 
guide satisfies the condition 


A < 


X 

2Vk 


(38) 


and in other particulars the equipment remains as described above. 
There is an error in t caused by the less-than-unity transmission of the 
taper, which is eliminated by the following procedure: two measurements 
with different values of d are taken and the difference between these 
values, the difference between corresponding A^s, and the ratio of the ^'s 
are used rather than the quantities themselves in Eqs. (36) and (37). 
The conditions for validity and errors are the same as before but where 
the accuracy was formerly attained by making d tan b large, it is now 
attained by making small. It should be observed that Eq. (37) 
reduces to Eq. (25) whenever tan^ 5 » 0, although the symbols must be 
given their present significance of differences or ratios. Despite the 
fact that complete neglect of is inadmissible, it is thus apparent that 
appropriate experimental conditions allow the treatment of the theory 
as if it were indeed a valid approximation. It is in this sense that Eq. 
(25) may be considered correct. 

Half -wavelength Sample , — Although the foregoing techniques arose 
from experimental necessity rather than from theoretical convenience, 
they actually led to much more manageable relations than those obtained 
for the general case. The need for having I — t depend critically on tan 5 
suggests one other specialization of this type, which likewise gives simple 
theoretical relations, namely, a sample ^\^th d = n\al2 may be used. 
The necessary preliminary estimate of causes no difficulty, as it 
depends primarily on fc, which may be determined with an arbitrary 
value of d. Thus a simplified form of the exact expression for Eq. (33) 
is obtained, which reduces to 


a == 


Aae"^ 

{a + 1)-^ - (a -1)^-"“*' 



b = 


kirn 


2{k - p) 


tan by 


(39) 


when tan^ 5 = 0, as may be seen from Refs. 66 and 86. The two results 
are compared in Fig. 10*13, where the elementary quadratic Eq. (39) 
is shown to be valid in all cases not covered by Eq. (34). Although 

* This method of measurement, with an J?-plane taper to eliminate interface 
reflection, was suggested and used by E. L. Younker (Ref. 6a). Waveguide trans- 
mission was apparently used to determine tan 6 for solid low-loss materials in Refs. 
17c, 18c, though no description of procedure is given. 
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the thickness for maximum transmission is an exact half-wavelength 
only when tan 5 = 0, the deviation is negligible for the present applica- 
tion; hence the value of t for substitution in Eq. (39) may be most 
accurately determined by measuring transmission vs. thickness near 
d = n\n,/2. 



I : I /i- Z- z I r I .jL^nuzii 

0.001 0.002 0.006 0.01 0.02 0.04 0.06 O.l 0.2 0.4 0.6 1.0 

l-«2=|-(power transmission coefficient for a half wavelength sample) 


Fig. 10*13, — Exact and approximate curves for tan S from the transmission of a half- 
wavelength sample. If the approximate equation is valid, these curves may be used for a 
sample of thickness n\m/2 provided tan 5 is replaced by n tan 5. 

Wall Losses , — The loss introduced by the waveguide itself has 
hitherto been neglected, although it is frequently comparable with that 
of the sample. This loss is not the same with the filled as with the empty 
guide, for not only are the energy relations changed by the presence of a 
dielectric, but the field in the sample is often a standing-w ave field rather 
than the traveling-wave field formerly obtained. The error is accord- 
ingly not canceled by the bridge procedure as would perhaps be expected, 
and special compensation is necessary. 

If the empty guide were completely lossless, 

(tan ^DOMMured) ~ (tan 5aM»pie) “f" (tan (^9) 

would be obtained^ when measuring the transmission of the sample con- 

' This method of treating wall losses, which will be repeatedly used in the present 
text, is due to A. R. von Hippel (Ref. la). 
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tained in a piece of the actual lossy guide. The condition of zero loss for 
the empty guide may be simulated if the substitution is made 


t — ^rnoaauriyi * CXp 



(tan 



(41) 


and hence wall losses may be readily corrected whenever tan 6 whii is 
known. To determine this parameter, t is measured for two widely 
differing lengths of empty guide, whereupon the appropriate form of 
Eq. (25), with fc = 1 and t = ratio of transmissions, gives the desired 
result. Since the loss is of concern here rather than fc, the large path 
difference used for finding tan with consequent magnification of the 
effect of frequency drift, causes no undue error in normal practice. 

10*6. Uses. — The utility of the present method lies chiefly in two 
characteristics, namely, it does not require a probe of any sort and 
sharpness of resolution may be attained even with great path lengths. 
The first characteristic is relevant because of the demonstrated superiority 
of the short-circuited-line method presently to be described which, 
however, requires a traveling probe. Although standard at the longer 
wavelengths, equipment of this type is not easily designed for wavelengths 
much below one centimeter. On the other hand, it is precisely in this 
range of very short wavelengths, for which d may be much greater than 
Xi that the present method appears to best advantage. 

The second property, independence of path length, is particularly 
useful for the study of gases, in which the necessarily long guides, with 
their attendant high losses, give such a broad minimum with the short- 
circuited-line method as to render it practically useless. Transmission 
techniques are open to no such objection, the sharpness of the minimum 
depending on w'aveguide attenuation only to the extent that this attenua- 
tion reduces the available power. For measurement of gases, inci- 
dentally, not only is the advantage just described obtained, but also 
most of the sources of error, including all those involving r*, are negligible 
since fc « 1. 


MEASUREMENT BY TRANSMISSION IN FREE SPACE 
In all methods rdiuiring the use of a guide, the preparation of the 
sample usually takes much more time than the actual process of measure- 
ment. If the methods are modified as suggested in Fig. 10T4 this pre- 
liminary step is eliminated for most production materials that are 
normally supplied in sheet form, and the resulting saving of time is 
considerable. Besides this increase in speed and simplicitj^ the experi- 
mental procedure, which is evident from the preceding discussion 
and from Fig. 10* 14, has the additional advantages that there are no 
errors from clearance and that systematic error from other causes may be 
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Fig. 10 * 146 . Equipment for niea^iircment of tranHmi.saion in free apnee. 


conveniently investigated by the use of several angles of incidence. 
If p is set equal to zero in Eq. (19), or by direct calculation from Eq. 
(15) with 5 = 0, the relation 


k = 



^0 = 0 , 


(42) 


results as an approximate equation for the dielectric constant k in terms 
of the sample thickness d and the phase difference A obtained for the air 
gap with and without sample (Ref. 6a). The details for more rigorous 
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calculation will be given; it suffices here to observe simply that k can be 
determined once A is known. 

10-7. Experimental Procedure for Normal Incidence.— Although 
much of the discussion given in Secs. 10-3 to 10'5, including almost all 
results on amplitude measurement, applies without change to the present 
situation, there are a few differences for phase measurement which are 
of sufficient importance to be mentioned explicitly. With regard to the 
equipment itself (cf. Ref. 6a), a sufficiently long guide must be used in 
Fig. 10* 14a to avoid undue strain as the micrometer setting is altered; 
the horn must be constrained to move in a straight line without nodding; 
and the micrometer itself must be aligned parallel to the direction of this 
motion. With these precautions, the first important difference betw<%en 
this and the previous techniques is that 
the present equipment need not be cali- 
brated and A may be read directly from 
the micrometer. Unlike those custom- 
arily used in waveguide w^ork, moreover, 
a phase shifter of this type gives an ac- 
curately symmetrical minimum; hence 
the position may be computed as the av- 
erage of two values for ec^ual meter read- 
ings, (see Fig. 10*15). This process 
leads to a significant increase in accuracy 
by virtue of the nonzero derivative (cf. Sec. 10*13). With drift elimi- 
nated as described later, absolute accuracies of the order of 0.0005X 
are found to be attainable with relatively crude equipment, and the 
sensitivity is such that a single sheet of paper inserted in the air gap 
may increase the meter reading by a factor of ten. 

Inconstant Frequency , — With such precision the effect of drift becomes 
increasingly important; on the other hand, the expedient of using equal 
paths no longer avails for the equipment of Fig. 10*14. Upon calculation 
of the derivative, the equation 

a = 2b + cy/ 1 — p (43) 

should be satisfied for minimum sensitivity to drift (Ref. 6a), in which 
case 

c' = + \/(l - P)(l - P')} (44) 

for the change c to c' in micrometer setting produced by a change of X 
to X' in transmitter frequency when the sample is not present. An exact 
criterion of this kind of course depends to some slight extent on the 
material between the horns, and is moreover impossible to satisfy exactly 



Fig. 10*15. — The location of the 
minimum of a symmetrical curve by 
using points of nonzero slope; 
m « (p + q)/2. 
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for two different materials, for example, for air alone and at the same 
time for air plus dielectric. As a compromise adjustment for this 
effect, which is of secondary importance, a value may be given to a 
slightly higher than that indicated by Eq. (43). A sim. ar method is 
applicable to the waveguide equipment already treated, althoug for all 

ordinary work it is unnecessary in either case. 

If the equipment is designed with paths of equal geometncal or 
electrical lengths, rather than with paths satisfying Kq. (43), the equa- 
tions corresponding to Eq. (44) indicate considerably greater sensitivity 
to drift, as w’ould be anticipated from the nonzero derivative. By 
Table 10*3, which gives a comparison of such equations with that just 
obtained, it is seen that the optimum condition Eq. (43) is satisfactory 
even with rather unstable oscillators, and that these other conditions 
may on the contrary lead to large errors in practical work (cf. Ref. 6a). 
Unlike the result for waveguide measurement, the present relations sug- 


Table 10-3. — Theoretical Effect of FREQCENf Y Drift in Free-space F^quipment 



Change in micrometer setting for minimnm, r » 22 in.. 

Transmitter 


X. = 0.84 in. 


Equal geometrical ; 
lengths, a =: 26 -f- (\ 
in. 

Equal electrical 
lengths, in. ! 

! 

C’orrect 

adjustment, in. 

wavelength, in. 

0.5000 

0.000000 

0.000000 

0.000000 

0.5001 

0.001100 

0.002442 

0.000000 

0.5005 

0.005412 

0.012100 

0.000002 

0.5010 

0.010730 

0.024112 

0.000013 

0.5100 

0.110638 1 

0.245250 

0.002442 


gest that complete insensitivity to drift is unattainable even when the 
effect of the sample is neglected. From more detailed analysis it is 
indeed found that such insensitivity may be achieved if, and only if, 
every guide with a given dielectric and K in one branch of the circuit be 
balanced by a similar guide of the same length in the other. For the 
present case, a second air gap w^ould be required, which would be incon- 
venient in normal practice. 

Errors Similar to Those in Guide . — Except for inaccuracy specifically 
caused by the use of a guide, w hich is not found in the free-space measure- 
ment, the errors are essentially the same as those described in Secs. 
10*3 to 10*5. Analogous to the clearance error, for example, is the error 
produced by diffraction around the edge of the sample, w hich is discussed 
quantitatively in what follow^s. For our present purposes, the error 
analogous to clearance may be eliminated altogether if the sample is 
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sufficiently large. Besides this error, which is corrected without the use 
of accurately prepared samples, additional inaccuracy occurs as before 
from interaction between various parts of the equipment. In Ref. 6a 
it is shown theoretically and experimentally that the effect of interaction 
between the two antennas is practically negligible. By the methods of 
Refs. 6a and 7a it is also possible to eliminate error from the interaction 
between antenna and sample. Thu.s, a graph of measured A vs. the 
distance from sample to antenna should theoretically^ be a sine curve, 
nearly, with period X/2, as is seen from Ref. 7a. Hence the procedure 
previously advocated for compensating Y-joint reflection l^ke^^^se applies 
in the present instance, that is, A may be taken as the average of the 
two values found for a quarter-wavelength motion of the sample (Ref. 
6a). Other details of this sort need not be reiterated here; in particular 
the comments of Sec. 10*5 relative to the measurement of tan 8 remain 
valid for free space. 

Spherical Wavefront . — A source of error which is unlike interaction 
in that it has no analogue for waveguide work is the fact that the wave- 
front incident on the sample is essentially spherical rather than plane. 
As is seen from Fig. 10- 16, the effect is qualitatively similar to that 
obtained by taking a number of readings for various angles of incidence 
near normal and averaging the results in some suitable way. To the 
extent that this simple mechanism represents the true effect it can be 
said, by virtue of F^.qs. (47) and (52) and the accompan>ang remarks, 
that the error in practice will usually be very small. It may be investi- 
gated experimentally by taking measured k or tan 8 vs. the distance from 
transmitter to sample, a procedure which was suggested and used in 
Ref. 14a. 

Besides thus changing the effective angle of incidence (if one may 
be permitted such a term for waves which are not plane), the spherical 
phase-front has the added effect of producing inverse-distance attenua- 
tion; hence the amplitude distribution through the sample will not have 
the uniformity hitherto assumed, even along the axis. Points off the 
axis are illuminated nonuniformly in accordance ^v’ith the antenna pat- 
tern, an effect commented on in Ref. 7a. Whether significant error from 
this attenuation would be encountered in practice is a matter not easy 
to determine with assurance, although the similarity of propagation 
constants for plane and spherical waves would indicate that no appre- 
ciable error should be observ^ed when interface effects are negligible. For 
moderately thin samples the effect in question would like\rise be expected 
to be small, a conclusion which has been verified experimentally in that 
the results are independent of both thickness and angle of incidence 
(cf. Refs. 6a, 7a, and Sec. 10*18). It is worth noting, incidentally, that 

‘ That such behavior is found in practice is verified by the curves of Fig. 19c. 
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this inverse-distance attenuation gives a simple and accurate method of 
investigating the receiver characteristics. Thus, if the antennas are 
sufficiently far apart for the application of Fraunhofer theory, if they are 
kept oriented for maximum pickup, and if care is taken to avoid inter- 
ference between the antennas themselves (Ref. 7a) or from surrounding 
objects, then a log-log plot of receiver reading vs. the distance between 
antennas should be a straight line with slope equal to the law of the 
detector. Such a curve was actually obtained in Ref. 14a, and used as a 
check on the linearity of the receiving system. 

In connection with error from the spherical wavefront it is natural 
to inquire whether more accurate results will be obtained, for given 
antenna separation, 'with the sample near the receiver than with the 



Fio. |0-16. — Spherical wavefront obtained in free-space measurement. The sample 
is shown as curv'ed to indicate the generality of the result in the text, which is valid for 
such samples or for arbitrary incidence, and to illustrate the nature of the symmetry 
required. 

sample near the transmitter. Intuitively an affirmative answer would 
perhaps be expected to this question, since the incident w ave certainly 
becomes more nearly plane, both in phase and in amplitude, as the dis- 
tance from sample to transmitter increases (Fig. 10-16). Despite this 
intuitive reasoning, however, the two positions are found to be essentially 
equivalent whenever the antennas are alike: for the situation of Fig. 
10-165 can then be obtained from that of Fig. 10- 16a by merely reversing 
the direction of power flow. If the general reciprocity theorem is 
applied to the system when the sample is not present, and then when 
it is, the ratio of complex transmission with sample to that without, 
which is the measured transmission coefficient, will be the same in 
Fig. 10-16a as in Fig. 10-166. It follows that A and t are both unchanged, 
and hence the error due to the curved wavefront is presumably the same 
in both cases. Some slight error in this argument is to be anticipated in 
that one of the antennas is moved during the measurement, though the 
qualitative conclusion is not thereby invalidated. In practice, never- 
theless, the sample should be placed nearer to the receiver, though for an 
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entirely different reason (Ref. 6a), namely, to prevent the so-called 
‘^pulling” of the microwave generator. 

10*8. Computations for Normal Incidence. — The calculation of k 
from A may be made, in principle, by setting p = 0 in the waveguide 
equations, which then become equally valid for free space. Because of 
the restrictions introduced by having the sample in sheet form, however, 
these relations are for the most part rather inappropriate and therefore 
may be supplemented with equations specifically derived for the case 
at hand. The restrictions in question chiefly involve the sample thick- 
ness dj which can be given fairly large values and changed at will in 
guide, but which is usually small and difficult to change for free space. 
With the choice of d thus circumscribed, the analogue of Eq. (19), 
Eq. (42), is quite inaccurate theoretically, a situation that is the more 
serious in view of the high precision possible experimentally. For 
cjuantitative consideration Va\. (42) actually represents the exact limiting 
value (always neglecting tan^ 5) which would be approached as d 
approaches infinity; and when d approaches zero, on the other hand, this 
exact limiting value is given by 


as can be seen by Ref. Oa or by Eq. (45). In intermediate cases Eq. 
(33) gives the transcendental hut real equation 

tan = 2 tan (45) 

which is likewise exact for tan- 5 = 0 and which may be solved by 
graphical means (Fig. 10T7). With a direct solution of this kind, how- 
ever, the plot recpiired for accurate work is of almost prohibitive size, 
and therefore another procedure is sought. 

Method Permitting Accurate Graphical Computation . — If Eq. (42) and 
E(i. (45) are combined (Ref. Oa), 

= ^ y/k - tan-* t‘ot (46) 

is obtained for the difference between the A’s which would lead to Eq. (42) 
and the true value of A as actually measured. From this equation, 
which is plotted in Fig. 10T8, the value of the error in question cannot 
only be estimated but can also be corrected. Thus, the value of k is 
found from luj. (42), which usually gives a value accurate enough 
for negligible error in Eq. (46). From Eq. (46) or from Fig. 10*18 the 
desired value of A may be obtained and substituted in Eq. (42) to find 
the true value of k. Although essentially a process of successive sub- 
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stitution which may be indefinitely continued, the \alues converge bo 
rapidly that a single operation suffices for practically all cases. By virtue 



02 1 L_ I I i I — 1 — t-n 

0.01 0.02 0.04 0.06 0.10 02 0.4 0.6 0.8 1.0 

d/\ - (thickness of sample)/(free space wavelength) 


Fia. 10*17. — Exact relation between k and A for free space, normal incidenct*, and lU'^liKiblo 

tan* d. 


of the equivalence relations of Table 10*1, this method of compensation 
may also be applied to measurements in guide, although the use of samples 


0.50 0.45 0.40 0.35 0.30 0.25 




Fio. 10*18. — Error in approximate equa- 
tion as a function of thickness and dielectric 
constant. The quantity Am is equal to the 
measured value of A and Ad represents the 
desired value, that is, the value of A for 
which A; — (1 + A/d)*. 


thin enough to make such a pro- 
cedure necessary is not particu- 
larly to be recommended. 

Loss , — It has so far been as- 
sumed that tan^ 5 0. In the 

few cases for which this assump- 
tion is not valid certain of the 
waveguide ecpiations may be used, 
although the expedients suggested 
for eliminating the effect of in 
guide are usually no longer practi- 
cable here. Similarly, it is not 
usually possible to obtain a large 
effect from tan S in free space, un- 
less the sample happens to be such 
that d = n\n/2. For this case 
Eq. (33) gives the recpiired result 


implicitly, Eq. (39) explicitly, and in other cases the frec-space method 


should not be used at normal incidence for finding loss. If tan 5 is already 
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(a) 




known, however, its effect on the measured value of k may be compen- 
sated, the procedure being to use (1 + ri)*/(l — n)* in place of k in Fig. 
10*18, (l/\m in place of d \/k/\ and from the value of k thus obtained to 
subtract the correction term of Eq. (36) with p = 0. Such complications 
seldom arise, however, in ordinary practice. 

It must be mentioned that there is one notable exception to these 
inconveniences that are usually attendant upon free-space measurement 
of tan 6. "i^hc exception in question concerns the sample itself, which 
may be readily and accurately measured provided it is sufficiently lossy 
for the validity of Eq. (34) with manageable values of d, and of such a 
form (almost necessarily liquid) that d may be easily changed, and 
available in sufficient quantity to permit use of a sample large enough 
to obviate diffraction. With such samples the procedure suggested for 
comparable circumstances in 
guide is valid for free space as well ; 
in particular the calculations may 
be made by Eqs. (36) and (37) 
with the symbols as there defined 
and with p = 0. Of course the 
number of materials fulfilling the 
above reciuiremeuts is somewhat 
limited, although the reejuire- 
ments are admirably met by 
water, which was successfully 
investigated (Ref. 14a) by the 
free-space method as described 
here. For rea.sons already men- 
tioned, however, free-space meas- 
urement of tan 8 is not to be 
recommended as a procedure of 
general utility. 

10*9. Arbitrary Incidence. — Although error due to interaction may 
be canceled with the foregoing procedures, the labor of experiment and 
computation is consideral)ly increa.sed. The possibilities of the free-space 
method are not exhausted by the foregoing discussion, however, since 
the process of measurement is often more convenient and accurate at 
arbitrary than at normal incidence. In this case the errors due to inter- 
action arc automatically eliminated. Thus, instead of returning to the 
antenna, as in Fig. 10T9a, the wave reflected from the sample is directed 
away from the ecpiipmcnt as shown in Fig. 10T96, and thus the measured 
value of A should be substantially independent of sample position. 
That such is the case in practice is shown in Fig. lOTOc; it is therefore 
unnecessary to duplicate the measurement with a quarter-wavelength 



(p) 

Fio. 10*19. — Interaction between sample 
and antenna at arbitrary incidence, (a) 
Normal incidence, (b) Not normal inci- 
dence. (c) Micrometer setting vs. sample 
position at X = 1.25 cm. Points are experi- 
mental, curve is best-fitting sine curve with 
I^riod \/2. 
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displacement when the incidence is far from normal. The appropriate 
form of Eq. (42) with either polarization may be written 

for incidence d and negligible interaction between the sample faces 
(see Fig. 10*20). The equation may be obtained by setting p = sin^ 6 
in Eq. (19), or directly by Eq. (42) and the j5-equivalence of Table 10*1, 
since the phase is measured perpendicular to the wavefront in free space 



0 0.1 0.2 0.3 0.4 0^ 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.25 

2.0 1.9 1.8 1.7 l.f 1.5 1.4 1.3 

= (change in micrometer setting to restore minimum)/! sample thickness) 


Fig. 10*20. — Approximate curves giving dielectric constant in terms of the phase shift at 
arbitrary incidence in free space. 

and perpendicular to the sample in guide. Thus, the value of A in the 
earlier result or in the table corresponds to A cos 9 in the present case, a 
substitution which is frequently necessary in progressing from normal 
incidence or guide equations to those of the type in question here. 

Interface Reflection . — ^Like interaction between sample and antenna, 
the interaction between the two faces of the sample, which necessitated 
the correction associated with Fig. 10*18, may be eliminated automatically 
by the use of arbitrary incidence in many cases. For quantitative 
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investigation (cf. 

Refs. 7b, 6a), 



A sin-> r| « ^ li + 0(r?)] 

(48) 


is found to be the maximum error in A due to r* as the thickness is changed. 
This expression follows directly from Eq. (5) and is correct without 
approximation in guide as well as for arbitrary incidence at either polariza- 
tion in free space, if the appropriate value of be used in each case. 
From the curves of Fig. 10*21 it is seen that the error is much larger for 

Perpendicular polarization Parallel polarization 

^ 0.02 
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s 
<1 

*0 
a> 

3 
to 
> 

I 0.01 

s 

'x 
<0 

0 

0 30 60 90 0 30 60 90 

Angle of incidence in degrees 6i 

Fig. 10*21.^ — Maxiinum error in A due to interface reflection for polarization perpendicular 
or parallel to the plane of incidence. 

perpendicular than for parallel polarization, in agreement with the well- 
known behavior of interface reflection; with parallel polarization the error 
is zero, as it should be, when 6 equals the polarizing or Brewster angle, 

db = tan~^ y/k. (49) 

In practice it is inconvenient to set d to this value exactly, particularly 
when k is unknown ; however, the error is so small that the exact deter- 
mination of the proper 6 is unnecessary in any case. For example, 
if ^ = 60® is taken independently of A, the maximum possible error is 
shown by Fig. 10*21b to be less than O.OOIX whenever 1 ^ n ^ 4.5, an 
error which is negligible for all but the most exacting work. If for any 
reason 6 must be very far from Ob, however, the correction of Fig. 10*18 
may also be used at arbitrary incidence by means of the substitutions 
of T able 10*1. Such a situation arises when the sample is unusually thick, 
as the beam shift, due to refraction, will then lead to erroneous results 
whenever 0 deviates appreciably from zero (cf. Ref. 6a). It is worth 
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remarking that a similar reduction of interface reflection is obtained 
when a TM-wave is used in a guide giving an appropriate value of p, 
though such a procedure has apparently not yet been used in practice. 

Loss . — The reduction of Vi obtained with incidence other than normal 
may also be applied to measurement of loss, which satisfies 

tan 6 = — — - + 0 (tan^ 6), {d « Sb), 


X In t 

Trd \/fc + 1 


+ 0(tan2 6), {d = db), 


(50) 


whenever 6 is sufficiently near to db. In the few eases for which neglect 

^ of tan^ 6 is inadmissible the ap- 

\ yC/ propriate relation may be ob- 

tained by Eqs. (12) and (33) and 

Table lOT, with due regard to the 

mode of measuring A [cf. Eq. (47) 

and accompanying remarks]. In 

both E(is. (47) and,(50) it is worth 

noting that change of polarization 

Fig. 10*22.— Determination of the true angle affects only the error term Vi, not 
of incidence. . r i i* 

the value of the mam expression; 
hence the presence of slight cross-polarization maybe justifiably neglc(;ted. 

Measurement of Angle of Incidence . — With the above procedure it is 
necessary to know the true value of By which cannot be found by geo- 
metrical measurements alone. For this reason it is advisable to modify 
the normal-incidence technique, taking 6 rather than the micrometer 
setting as the variable used to minimize the received power. Thus, 
6 is set at about 60®, or at any other desired value, and the micrometer 
is adjusted for minimum. With this fixed micrometer setting, 6 is 
adjusted for minimum reading on the original and on the other side of 
^ = 0, as suggested in Fig. 1Q*22, the fixed attenuator being inserted 
during the transition. The average of the two values so obtained is 
the true angle of incidence (Ref. 6a), and A is found, as usual, from the 
fixed micrometer setting as compared with that obtained without the 
sample. Because cos 6 varies so slowly when B is near zero, this 
difficulty does not arise with the normal-incidence method, that is, 
Eq. (42) remains valid over a range of perhaps ± 10® in most cases, and 
hence the adjustment may be made by inspection (cf. Eq. (52)). 

Sample Size . — Besides this extra difficulty in determining ^o, the use 
of arbitrary incidence has the disadvantage of leading to large errors 
from diffraction in certain cases. Although the. error can still be elimi- 
nated when the sample is sufficiently large, the size required is often 
prohibitive for materials not in industrial production. At the shorter 
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wavelengths this diffraction effect should theoretically depend chiefly 
upon the projected width of the sample, the minimum permissible size 
being accordingly given by an equation of the form 

Minimum permissible width = A sec 6, (51) 

with the constant A depending only on the sample position and type of 
equipment. That such intuitive results are valid in practice is verified 

• 5 ^ 2.8 
S S2.7 
5 ^ 2.6 
*8 8 2.5 

3 y 2.4 

</) 

S^2.3 
E .Si 2 2 

■ 14 12 10 8 6 4 2 0 

Projected width of sample in inches 
equals half actual width ( 0 =60°), 
equals actual width (0 = 0°) 

(a) 


2.8 
2.7 
2.6 
2.5 
2.4 
2.3 
2.2 
2.1 

(b) 

Fiu. 10*23.- — KfTcct of diffraction on apparent value of k, as measured by the phase 
shift for transmission in free space. In a the distance from the center of the sample to the 
receiver is 4.5 in.; the circles are for 0 — 0®, the triangles are for 6 = 60®. In b the center 
of the sample is 0.5 in. from the receiver, and 0 = 0°. 

by Fig. 10*23a, where a curve of measured k vs. projected width is seen 
to be nearly the same at 0 = 0 as at 0 = 60°. For this particular case 
the constant A of Eq. (51) happens to be about 7 in. when the axis of 
rotation is 4.5 in. from the antenna, and about 4 in. when the distance 
is 0.5 in. (Fig. 10*235). This decrease of A with the distance to the 
nearest antenna is likewise to be expected intuitively; obviously the 
axis and antenna should in practice be as close as the construction of 
the system will permit. Although no reliable method of compensation 
has been found, curves of the type shown in Fig. 10*23 permit estimation 
of the error in question or, alternatively, of the sample size required to 
reduce this error to negligible proportions, and only one or two curves 
are required for any given equipment. If it is desired merely to verify 
that the particular sample used is sufficiently large, mthout determining 
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the minimum size, a nontransmitting sample of the same size may be 
substituted. If the receiver reading is zero, independently of the microm- 
eter setting, the size is ample. Such a procedure is described for checking 
the amplitude measurement in Ref. 14a. 

10* 10. Comparison with Optical Methods. — Before the subject of 
transmission as a means of determining k is left, a brief comparison of 
the microwave techniques described here with the closely analogous 
interferometer procedures of optics will be given. In optics the phase is 
usually measured by counting interference fringes, whereas in microwave 
techniques the micrometer setting is adjusted for minimum received 
power. The results obtained in the optical region are evidently con- 
siderably less accurate; phase errors of many degrees are possible. With 
microwave techniques, accuracies of the order of 0.1® are regularly 
obtained. In optical work, moreover, the effects of interaction are 
neglected, all results being computed from Eq. (42) or similar equations 
without correction of any kind; but this source of error has been con- 
sidered in detail and compensated for in the microwave procedures just 
outlined. 

From this superficial examination it might perhaps be concluded 
that optical methods usually lead to less precise values for fc than those 
obtained mth microwaves. Actually, however, such is far from the 
case. In fact, optical methods usually give two or three more significant 
figures than are at present attainable in the microwave region, quite 
irrespective of the inaccuracies noted. The approximate relations for 
fc', the numerical error in kj may be written 

^ © ” © ” 4 

and (52) 

k' « - d'iVk - 1)], e = 0, 

in terms of A', d', the numerical errors in A, d, 6 respectively. From 
this equation it is seen, among other things, that the error depends on 
the ratios A'/d, d'/d; it does not depend on the angular errors A'/X, d'/X. 
Thus, although A' can be measured with only moderate angular accuracy 
at optical frequencies, it can be measured with high accuracy in length ; 
it is in this sense that accuracy is required by Eq. (52). Looking at the 
question from a different point of view it may be said that the actual 
phase change A, in degrees, is extremely large for optical work, and 
hence an error A' of ten or twenty degrees is a negligible fraction of the 
total. From still a third point of view it may be found that A is really 
its measured value, which is less than a wavelength, plus a term nX; 
although n is usually zero or a small integer in microwave work, it may 



Sec. 10‘llJ 


USES 


605 


be as high as 10,000 in optics. By far the greater contribution to the A 
substituted in Eq. (47) accordingly comes from nX, which is accurately 
known because X is; and a given percentage error in the measured quantity 
A will therefore lead to a smaller percentage error in A + ^X. Such 
considerations all depend on the fact that dy^ \ and it is this condition 
that gives to optical methods their superior accuracy. Such a condition 
is unattainable to anything like the same extent with microwaves. The 
advantage of greater accuracy in phase measurement and in computa- 
tion, then, is more than offset by the decreased sample thickness as 
measured in terms of wavelengths; whereas the refinements here men- 
tioned would perhaps affect the eighth significant figure in optics, and 
could be ignored, they will usually affect the second or third figure in 
microwave work, and must be retained. 

10*11. Uses. — The experimental and theoretical procedures for deter- 
mining k by measurement of transmission in free space having been 
indicated, the applications will be discussed briefly. There are two char- 
acteristics of especial interest, namely, the method entails no preparation 
of the sample, and the phase shifter can be designed in such a way as to 
require no calibration. Because of this first property the method is 
particularly suitable for routine testing, in which a large number of 
determinations are to be made in a short time. Although many applica- 
tions are of this type, it is often desirable to achieve great accuracy in a 
few determinations. The free-space method offers certain advantages 
here also, as the errors all decrease with increasing sample thickness 
and there are no serious systematic errors. In particular, there are no 
errors from clearance if the sample is sufficiently large. Accuracies of 
the order of a few tenths of one per cent are readily achieved for thick 
low-loss samples, and variation of which is quite convenient in practice, 
leads to independent values of fc as a check for consistent error. These 
advantages of having the sample in free space and unprepared are 
especially noteworthy for the measurement of certain materials. For 
those such as glass, which cannot be machined, the method is often 
convenient, and similarly for materials which are not strictly uniform, 
where the use of a large area automatically gives an average determina- 
tion, which is often desirable. Examples of such materials are low- 
density materials, certain laminates, plain or conducting cloth, and 
wood. In particular for oriented materials, such as wood, it is possible 
to take a complete curve of k vs. the direction of polarization, although 
this presents considerable difficulty with any waveguide or cavity 
method. 

The foregoing advantages follow from the fact that the sample need 
not be accurately machined to fit a cavity or guide. When combined 
with the fact that no calibration is required, this property shows the 
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method to be particularly applicable at the shorter wavelengths; with 
negligible error in d, X and with a given angular error in A, the error 
in k is directly proportional to X. Moreover, difficulties from diffraction 
decrease rapidly as the frequency increases. Apart from this increase 
in accuracy, the equipment is suitable for use at the shorter wavelengths 
because of the simplicity of the r-f components required. Given a 
suitable generator, it is sufficient to have unmatched T-joints, simple 
horns, variable attenuators, and some means of measuring power, all of 
which are relatively easy to make in small sizes. In particular, no slotted 
section, probes, or phase shifters are required either for calibration or for 
measurement. 

To these advantages must be added the corresponding disadvantages. 
For example, the use of large samples in sheet form is not only possible, 
but necessary ; hence small samples or materials available only in the form 
of rods cannot be tested. Similarly, the increase in accuracy found 
with thick samples, which is easily attained in guide, is usually imprac- 
ticable in free space. Even though the higher precision of A compensates 
this difficulty to some extent, it is nevertheless found that accurate results 
cannot be achieved with very thin sheets. Such considerations are 
particularly true of tan 5, in which the only compensating feature 
analogous to this higher accuracy of A is the slight advantage of having 
zero wall losses. And finally, instead of saying that the method improves 
with decreasing wavelength it may be said that it deteriorates with 
increasing wavelength; not only is the precise measurement of A more 
difficult, but errors from diffraction and stray radiation may become 
prohibitively large. At the same time the alternative waveguide and 
cavity methods become more accurate. It may be concluded that the 
present method is suitable for measurement at short wavelengths only, 

GENERAL METHODS DEPENDING ON REFLECTION 

1042. Interface Reflection. — ^The discussion has hitherto been con- 
cerned solely with transmission. As noted, however, both k and tan 5, 
in principle at least, can be likewise determined from reflection. This 
procedure may well be considered in greater detail. 



Fig. 10-24, — Experimental procedure for measuring interface reflection. 

Waveguide , — With the arrangement of Fig. 10*24 it is clear that the 
complex interface reflection r< exp (— jVJ) is obtained, which gives fc 
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and tan 5 by the exact Eqs. (54) and (55) for coaxial line. The cor- 
responding result for waveguide in general is somewhat complicated, 
and therefore terms of the order of tan^ 5 are neglected to obtain the 
approximate forms (cf. Fig. 10-27) 


k 

tan 5 


(1 + ViY - Aup 

(1 - ny 


k - I 
k 



(53) 


which follow easily from Eqs. (8), (12) and Table 10-2. Like Eqs. (54) 
and (55), these relations lead to simple numerical calculations. They 



r=true value of power standing wave ratio 


Fi(i, 10 * 25 a."— Effect of probe reflection on apparent power standing-wave ratio; 
theoretical true vs. measured power standing-wave ratio with generator matched to 
line. 

show that loss is determined from the phase shift rj, essentially, whereas 
k is found from the absolute magnitude of Vi. To cancel the small reflec- 
tion from the taper, the measurement is repeated with d replaced by 
d — Xfn/4, and to cancel the error due to load reflection the measure- 
ment is repeated with a quarter-wavelength motion of the sample as a 
whole. As an alternative procedure, which is especially useful when the 
measured reflection is small, the probe may be kept stationary, with 
the generator matched to the line, and the ratio of the maximum to the 
minimum probe reading may be taken as the sample is moved. A rather 
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detailed account of this and other methods of measuring small reflections 
or the associated phase shifts is given in Ref. 4a. Similarly, errors due 
to the measuring probe are discussed at length in Ref. 5a; if is 

the probe reflection, it is sufficient here to observe that the fractional 
error in u is of the order of ViP cos P', when the generator is matched to 
the line, whereas that in r- is negligible in comparison with the other 
errors. If the generator is matched to the load and if the probe is tuned* 
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P Samplitude reflection coefficient of probe 

Fig. 10* 266. — Effect of probe reflection on apparent power standing-wave ratio; comparison 
of theory and expefiment, generator matched to line. 

for maximum pickup, which conditions should both be satisfied in good 
practice, then the error in reflection may be corrected by the curves of 
Fig. 10*25a. Experimental illustrations showing the general behavior are 
given in Figs. 10*256, c. Wall losses are compensated by extrapolating 
the measured reflection to the sample interface, as described in Sec. 10*18, 
and subtracting (tan Swan) from (tan Smeaaured). 

Interface reflection in guide was used in Ref. 11a to evaluate the dielec- 
tric constant and loss tangent of water, which is one of the few materials 
giving a sufficiently high reflection for accurate results. Precautions 
were taken to avoid error from probe reflection, and other r-f errors were 
investigated by the use of several depths for the water column. Because 
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of the high attenuation it was unnecessary to use a tapered sample. 
Loss was determined by the phase shift, as here described, and k was 
found from The size of waveguide used, combined with the large 
value of kj permitted substitution of the free-space equations, Eqs. (54) 
and (55), for the guide equation, Eq. (53). The method seemed to be 
satisfactory in this case. It was similarly used in Ref. 16a to determine 
k for water, although tan 8 was found by a procedure presently to be 
described rather than by the phase shift The general utility of this 
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Amplitude reflection coefficient of probe 

Fig. I0*25c. — Effect of probe reflection on apparent power standing-wave ratio; comparison 
of theory and experiment, generator matched to load. 

interface method will be commented upon; the examples here cited show, 
for certain circumstances at least, that it can be successfully used in 
practical work. 

Free Space . — In the course of the foregoing discussion it was noted 
that the methods depending on transmission in guide could be readily 
extended to free space — the process being regarded as an extension, 
despite the slight simplification of theory, because of the nonstandard 
experimental techniques required. A similar extension may be made for 
the methods just described; as before, it is found to lead to certain 
advantages, as well as disadvantages, not ofifered by the waveguide 
procedure. If Eq. (12) is substituted in Eq. (8), the following equations 
are obtained (cf. Fig. 10-26): 


k sec 8 ~ 


1 — 2ri cos r • + r\ 
I + 2ri cos r,' + /•; 


(.> 1 ) 
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(I) = \ ««« « " vricTs) 

for tan 5 in terms of rie-J^'\ the interface reflection when the incidence 
is normal in free space. Since the right-hand side of Eq. (54) involves 
measured quantities only, the need for simultaneous solution is obviated 
when the results are presented in the form here given. Thus, k sec 5 
is obtained from Eq. (54), and is substituted in Eq. (55) to find sin (5/2) 
which in turn gives 5, the loss tangent tan 5, and the term sec 5 recpiired 
to complete the computation of k. 

With arbitrary incidence the corresponding ecpiations are somewhat 
involved, and, as in the derivation of Eq. (53), terms of the order of tan^ 5 
are neglected to obtain 


where 

and 

Similarly, when 


i4(l + \/l — 4p(l — p)/A 

______ , 


A = 


(1 + uY 
(1 - 


\k -- pk — p\y^ tan 5. 


(56a) 


\{k - 
tan 5 = 


l){k — 2p)(fc — pk — p)\ » tan 5, 
Vfc - v (k - 1)(fc - pk - p) 

"s/l — p {k){k — 2p) ' 


(5G6) 



0 0,1 0.2 0.3 0.4 0.5 


Interface reflection r. 

Fig. 10*26. — Dielectric constant vs. inter- 
face reflection for arbitrary loss in free space 
at normal incidence. 


is found for polarization parallel 
to the plane of incidence. The re- 
sult for perpendicular polarization 
is given, to the same approxima- 
tion, by Eq. (53). Both equa- 
tions, plotted in Fig. 10*27, follow 
from Eqs. (8) and (12) and Table 
10*1. Parallel polarization ad- 
mits a possibility not presented by 
any of the other conditions in that 
the effective dielectric constant 
for zero loss would be unity at the 
polarizing angle db, which is found 
when p satisfies 

. )> - rfi- 

as is seen V)y setting the effective 
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value equal to unity in Table lOT, or by Eq. (49). With this angle of 
incidence (which may be found with sufficient accuracy by taking reflec- 
tion vs. angle over a small range and noting the minimum value) the 
approximations used in the derivation are incorrect; instead of Eq. (56), 
the equations obtained are 

tan 8 = p = (58) 

if again terms of the order of tan^ 8 are neglected. Thus, the amplitude 
of the interface reflection cannot be used to determine loss, in general, 
as it involves only the small quantity tan^ 5; but if parallel polarization 
is used and the angle of incidence is adjusted in accord with Eq. (49), then 
on the contrary, the amplitude reflection not only depends on the first 
power, but is directly proportional to it. The situation is unique in 
that it represents perhaps the only case in which small loss may be accu- 
rately determined from measurement of amplitude reflection without 
the use of a short circuit or its equivalent. Of course these results con- 
cerning parallel polarization are equally valid for Waveguide propagating 
a TM-wave, although TM-waves have apparently not been used in 
experimental work. 

1043. Reflection Measurement in Free Space. — Turning now to the 
question of free-space measurement, three different methods are available 
from current practice. 



Fio. 10-28.^ — Equipment for reflection measurement in free space: (a) normal incidence, 
(b) incidence far from normal, and (c) general case. 


Normal Incidence . — The first of these methods is to measure the 
reflection in the line from the sample, then from a metal sheet, as shown 
in Fig. 10*28a. If the antenna is matched to free space, the ratio of the 
two measured reflections gives the reflection coefficient desired (Refs. 7a, 
20a). The dependence on sample size is investigated in some detail 
elsewhere (Ref. 7a). The sample may be considerably smaller than is 
permissible with transmission; a safe criterion is to have it cover the 
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antentia aperture if in the Fresnel region, and a larger area if in the 
Fraunhofer region. The effect of sample curvature is likewise investi- 
gated theoretically and experimentally in Ref. 7a, where the error is 
found to be theoretically negligible whenever the product of the radius 
of curvature of the surface and the wavelength is greater than one hundred 
times the square of the radius of the antenna for a paraboloidal antenna. 
Error from interaction between antenna and sample is canceled in the 
usual way by repeating the measurement with a quarter-wavelength 
displacement and using the average of the two values so obtained, rather 
than either value alone, as the measured reflection. Additional error is 
noted when the angle of incidence is not the same for the metal sheet as for 
the sample; thus, (Refs. 7a; 20a) 

(Measured reflection in amplitude) = (constant) (reflection 

coefficient of sample) P{d), (59) 

where P(d) is the one-way secondary power pattern of the antenna and 
d is the (small) angle between the electrical axis and the normal to 
the sheet. Essentially the same result is obtained for the methods 
considered below, if 6 is suitably interpreted. Because erratic values 
with a metal sheet are obtained at the shorter wavelengths, this method 
is suitable only when the microwave frequency is relatively low; even 
then a certain amount of care must be exercised since the measured 
power standing-wave ratio is usually small. 

Incidence Far from Normal , — ^The foregoing procedure is operable 
only when the incidence is normal. With the arrangement of Fig. 
10-286, however, reflections in more general circumstances may be deter- 
mined; the procedure as described in Ref. 14a is to compare the reflected 
power (solid path in the figure) with that received directly (dotted path). 
To check for cross-polarization, which is of moment whenever the 
incidence is far from normal, the ratio of maximum to minimum received 
power is noted as one of the antennas is rotated about its axis (Refs. 
14a, 22a); with suitable antennas the ratio so obtained should be of 
the order of 10* or higher. The experiments of Ref. 14a were all carried 
out with perpendicular polarization; if the polarization is parallel, as 
required, for example, by Eq. (58), it is clear that error from cross- 
polarization becomes considerably more serious. Thus, the interface 
reflection is now higher for the umvanted component, whereas previously 
the reverse was the case. 

A second source of error is the simultaneous presence of both direct 
and reflected waves, an effect which is unavoidable in that any real 
antenna has but limited directivity. This difficulty was considered in 
Ref. 14a, the procedure being to take reflection vs. angle and to draw a 
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smooth curve through the mean of the points so obtained. It was 
expected that the error in question would be sometimes positive, some- 
times negative, and would thus be averaged out by the procedure 
described. An alternative — or rather a supplementary — method of 
cancelation is to change the distance from the receiver to the transmitter 
or the metal sheet, as the case may be, and to use the average of the maxi- 
mum and minimum received amplitudes so obtained in all equations. 
Such a procedure, which is closely analagous to that to be treated in detail, 
will lead to slightly different values for the average path length with the 
direct and reflected waves — a difference which is present to some extent 
in any case. The attendant error may be corrected by the relation 


(Receiver reading with path length D) 

= (receiver reading with length D') 



(60) 


which is valid whenever the antennas are sufficiently far apart for inverse- 
distance attenuation (Refs. 7a, 14a). A square-law detector is assumed, 
and the receiver reading is taken as proportional to .the received r-f 
power. As was the case for direct measurement of transmission, here 
too the error is the same as that in the power standing-wave ratio, and 
hence the discussion may again be deferred. Strictly speaking, the path 
length D must be measured from the effective center of the antenna 
(Ref. 7a), though for our present purposes it suffices to measure D from 
the antenna aperture. 

Incidence Not Normal but Otherwise Unrestricted . — When the incidence 
is near normal, it is impracticable to send the power directly from the 
transmitter to the receiver along the dotted path in Fig. 10*286. Thus, 
although error from interference between the two antennas may be 
canceled out by the usual quarter-wavelength motion (cf. Ref. 7a), error 
caused by the now great difference in path lengths cannot be compensated 
for by Eq. (60), which is yalid only in the Fraunhofer region. To 
obviate this difficulty a metaf plate may be used as before, the reflection 
coefficient being again obtained as a ratio of two measured values (Refs. 
7a, 14a, 20a). The sources of error are for the most part similar to those 
already described, and, with one exception, they need not be reconsidered 
here. The exception concerns the problem of direct pickup between 
antennas, which is made more serious than before by their increased 
proximity in spite of the large angle in the secondary pattern at which 
it must occur (Ref. 14a). If A or A' denotes the amplitude of this 
directly transmitted wave, after it has entered the r-f line of the receiver, 
and if B or R' is proportional to the amplitude of the reflected wave, the 
unprimed quantities referring to the metal sheet, the primed ones to 
the dielectric, then the received power will be given approximately by 
(Ref. 14a) 
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receiver reading = 


I D 2ir;/> l2 

4 

1 /?' 2rjiD — C) t^ 

U'+§e- ^ , 


(61) 


where D again stands for the total length, between suitably chosen end 
points, of the r-f path. The constant C is necessary because the phase 
shift on reflection from the sample need not be the same as that for the 
metal. The ratio B'/B may be determined from Eq. (61), since this is 
easily seen to be equal to the reflection coefficient of the material. Such 
a determination was made in Ref. 14a by adjusting D for maximum 
receiver reading in each case, whereupon second-order terms 

may be neglected (Ref. 14a), and 


B ^ M 




A'(D -f C) 
B' 


) 


(62) 


is the desired ratio B'/B in terms of the variables of Eq. (61), if D now 
stands for the particular value of D which gave a maximum with the 
metal sheet. With regard to inverse-distance attenuation, the unknown 
quantities ADfB, A\D + C)/B' are then determined from the ratio 
of maximum to minimum received power with the metal sheet or sample, 
as the case may be, and substituted in Eq. (62). 

Although this method has been used with success it is somewhat 
complicated in practice. The following procedure, which is simpler and 
more consistent with the experimental techniques developed in this 
chapter, is presented. For compensating error from extraneous r-f power, 
it is required that an average of two readings be obtained, with the error 
positive for one reading and negative for the other. It is instructive to 
investigate the same operation as applied to Eq. (61). Since it may be 
assumed that A < B/D and A' < B^D^ Eq. (61) gives 


M +m ^ (d + x/8 + £» - X/s) 

/ 1 1 \ 

M' + m’ = B' (p ^ ^ x/8 ''' D + C - X/8/ 

if D stands for the average of the two lengths noted for M and m and if 
M and M' are the maximum, m and m' the minimum receiver readings 
obtained by changing the distance to the metal sheet and to the sample, 
respectively. Thus both of the unknown amplitudes A and A' have been 
eliminated. From Eq. (63) 


E 

B 


M' + 

M + rn 



+ e 


(64) 
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is obtained for the desired ratio with the error-term e easily shown 

to be ^ since \C\ may be assumed ^ X/8. Besides having 

the small coefficient this error term is of the third degree in a quantity 
whose square was neglected throughout the previous calculation; hence 
it may be justifiably ignored. Equations (62) and (64) are, of course, 
valid whether the antennas or the sample be moved to change D; they 
may also be used when only one antenna is moved, provided the ampli- 
tudes Ay remain substantially constant. 

Phase , — Phase may be determined in principle by comparing the 
minimum positions for metal and dielectric in Fig. 10*28a, as described 
in Ref. 7a, or by the free-space bridge method applied to the systems 
of Figs. 10*286 and c. Because of the low standing-wave ratio, the first 
method is very inaccurate, however, and both methods present certain 
difficulties in that the metal surface, if employed, must be placed pre- 
cisely at the position formerly occupied by the sample. In using free- 
space reflection, therefore, the amplitude alone is usually measured, 
and the transmission or some other easily meas\ired property is relied 
upon for the information that would normally be obtained from rj. 
This is the procedure followed in Ref. 14a, where the free-space methods 
here outlined were used to evaluate the dielectric constant and loss 
tangent of water. Because of the high loss the equations were too 
complicated for convenient simultaneous solution, and instead a graphical 
method was adopted, which is of sufficiently general application to be 
given a place here. The slope of the transmission curve was determined 
experimentally, whereupon Eq. (35) of the present text became an 
implicit relation between k and tan 5, and the locus of values could 
be plotted as a single curve. Next, the interface reflection Vi was obtained 
experimentally, and a similar locus derived therefrom. The computa- 
tions are relatively convenient in each case; the intersection of the two 
loci gives the true values of both k and tan 8. 

10* 14. Change of Termination. — In transmission measurement noth- 
ing is usually gained by use of an unmatched termination for the sample ; 
indeed, whether it be part of the sample itself or of the r-f measuring 
equipment, such a termination was found in the foregoing pages to be a 
serious source of error, and much of the experimental procedure was 
accordingly designed to simulate the condition of zero reflection for 
both sample and load. With reflection, on the other hand, quite the 
opposite behavior is found to prevail. Not only is it permissible to use 
an unmatched termination (with suitable changes in the theory, of 
course) but it is often necessary for the attainment of high accuracy. 
Such questions perhaps merit further consideration. 

Terminaiions Not Containing a Short Circuit , — One of the simplest 
unmatched terminations is the second interface of the sample itself, 
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which need not be tapered as shown in Fig. 10-24. Instead of interface 
reflection, it is the over-all reflection re~^'' for an entire sheet of mate- 



0.25 0.30 0.35 0.40 0.45 0.50 

0.75 ^ 0.70 0.65 0.60 0.55 

— = (thickness for nth minimum)/(n times free space wavelength) 


or (wavelength in the material in guide)/(twice free space wavelength) 

Fiu. 10*29.^ — Dielectric constant vs, thickness for niininium reflection or vs. wavelength 

in the material. 


by substituting as obtained from F.qs. (8) and (9) for t", 

T”, t" and r" , R", p" in Eq. (6). Thus (Ref. 16) 


(fc - 1)(1 - f ->»') 

{y/k -I- 1)- - (Vfc - 1)- 


(65) 


is found for zero loss and normal incidence, wth the result in more 
general circumstances to be derived as usual from Eq. (12) and Table 
10- 1. Equation (65) easily leads to 



1 \ . /2TdA/F\ ^ 2r 

vt) \ X j - vr^“7*’ 


I , I 

K » 1 H y 

jra 


d«X, 


( 66 ) 
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for the amplitude, and the corresponding result for phase is given by 
Eq. (45) with ^ = r' + t/2 (cf. Refs. 20a, 85). In particular, the 
thickness dm for minimum reflection gives a relation plotted in Fig. 10*29, 


k — 




and the maximum reflection Tm gives the relation 


k = 


1 + rM(l — p) 
I — Tm 


(67) 


( 68 ) 


In Fig. 10-30 are plotted curves showing this function, for the general 
case of waveguide. Besides being nontranscendental, Eq. (67) is superior 
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Fig. 1030. — Dielectric constant vs. niaximuin reflection in waveguide. 

to Eq. (60) because a large reflection can be measured with greater 
percentage accuracy than a smaller one, as may be easily shown (Ref. 2a), 
and because the derivative of the final result with respect to d is zero, 
the error due to inaccuracy in measuring the thickness is minimized. 
This process of maximizing the reflection while minimizing the derivative 
may be extended to several samples. Thus, if each of n sheets has its 
thickness adjusted for maximum reflection, then the reflection for the 
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whole series in free space will be maximum when the sheets are uni- 
formly spaced exactly a quarter-wavelength apart. The over-all reflec- 
tion so obtained equals the maximum reflection attainable with a single 
sheet of dielectric constant (Ref. 86). 

A Digression Concerning Merit — ^The use of various terminations in 
reflection procedure has been briefly considered; first a termination 
which matched out the reflection of the second interface was assumed, 
then one which consisted of this second interface itself, and finally a 
special case of a termination consisting of extra samples similar to the 
original one. Each of these terminations, as it happens, has actually 
been used in practice. Thus, the first occurred in sources already quoted ; 
the second [Eqs. (66) to (68)] was studied in Refs. 6a, 216, the approxi- 
mate form of Eq. (60) being given in Refs. 66, 216; and the third has been 
used in unpublished laboratory work. There is apparently but one other 
termination, namely^ a short circuit a-t some point behind the sample, 
which has been used in the measurement of dielectrics by reflection 
methods, and this termination is discussed in detail in Sec. 10- 15. 

Before proceeding to this final method, however, the merit of those 
just described will be considered. In the first place, the use of inter- 
face reflection has led to accuracy of the order of ± i per cent in prac- 
tical work (Ref. 14a), and measurement of the over-all reflection of 
an entire sheet can likewise give precision of this order (cf. Refs. 4a, 7a). 
Such accuracy compares favorably with that obtained by the best 
methods at present available. Hence, inquiry should be made to deter- 
mine whether it is a general property of these reflection techniques, or 
whether it is caused by an unusually favorable set of special circum- 
stances. That the accuracy is caused by special circumstances is easily 
seen for the interface method; the material used was water, for which 
the interface reflection and loss are both high. Large reflection is desira- 
ble, although perhaps not absolutely necessary (Ref. 4a) for accurate 
measurement in guide. With ordinary precautions in evaluating the 
reflections usually encountered, k could hardly be determined to more 
than two figures, and because of the difficulty of measuring the minimum 
position associated with a moderate power standing-wave ratio, the loss 
tan 6 will usually fare even worse. Similarly, the use of interface 
reflection in free space is not only inaccurate, in general, but impossible 
to use, for the effect of the second interface cannot be eliminated when 
the sample is of ordinary thickness and moderate loss. Free-space 
measurement, in particular, permits no matching device analogous to 
the taper shown in Fig. 10*24. Hence for the high values of k or tan b 
obtained in the special investigations cited above, the interface method 
presents many advantages, but when regarded as an ovei^all procedure 
of general utility, it is nevertheless inferior to the methods presently to 
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be described. Similar considerations apply to the other methods, for 
example, to measurement of reflection for the complete sample and use of 
the approximate Eqs. (66) to (68), or their precise analogues for finite loss. 



(a) General case 



(6) Tapered sample. Repeat experiment with 
different length to ^cancel effect of taper 


Metal 
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Incident 

wave 


Reflected 
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in metal 
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(c) Interpretation by the method of images. (d) Probe moving within the sample 

Zero reflection at the interface is 
assumed here. 

Fig. 10-31. — The general short-circuited-line method; and two special forms of it which 
illustrate principles and lead to simple calculations, (a) General case. (6) Tapered 
sample, (c) Interpretation by the method of images, (d) Probe moving within the 
sample. 

Since the emphasis here is upon techniques that are applicable in general, 
the discussion may proceed forthwith to methods using a short circuit. 

10* 16. Short Circuit, Zero Reflection at Interface. — By the equipment 
of Fig. 10-3 la the reflection coefficient and minimum position may be 
obtained for the short-circuited line with and without the dielectric 
sample, whereupon from Eq. (18) and the accompanying remarks it is 



Sec. 1016 ] 


SHORT CIRCUIT, ZERO REFLECTION 


021 


seen that the change in minimum position gives k, essentially, whereas 
the change in reflection coefficient gives tan 6. The general arrange- 
ment of Fig. 10-3 la, for which the interface reflection u has not been 
eliminated, is discussed at length in the following sections. For our 
present purposes a qualitative description of the type just given is 
sufficient. 

From this so-called ^'short-circuited-line method,^’ which was devel- 
oped by A. R. von Hippel and his associates (Refs, la, 26, 36, 56), many 
advantages are obtained over the mere measurement of n or r. Not 
only do given errors in measurement usually lead to smaller errors in 
the result, but these measurements themselves may be carried out with 
far greater accuracy. Instead of being perhaps 3 or 4, the power stand- 
ing-wave ratios are now anywhere from 10^ to 10^, with a corresponding 
increase in the accuracy with which minimum position, and hence k, 
may be determined. For tan 6 the situation is analogous to that noted 
in connection with Fig. 10T2, where it was found desirable to have t = 1 
when tan 5 = 0. Here 72 = 1 for zero loss, if R is the amplitude reflec- 
tion of sample and short circuit; hence the error in tan 5 is comparable 
with that in 1 — 72, which may be measured directly. Thus, instead 
of measuring a minute variation in a large quantity, as is necessary for 
finding tan 5 from r or u, the actual value of a small quantity is measured, 
a procedure which here too, as with t above, is more accurate. 

Methods Using a Probe . — There is indeed more than a superficial 
similarity between this procedure and the transmission procedures 
hitherto described, although the wave now traverses the sample twice 
instead of once. This equivalence, intuitively evident in any case, 
becomes formally exact when r* is negligible, for the solution is then given, 
without further approximation, by Eqs. (36) and (37), with 2d written 
in place of d and with 72, the over-all reflection of sample and short 
circuit, in place of t. The quantity A represents twice the difference 
in minimum positions with and without the sample (cf. Fig. 10*31c)- 
These results, which follow by setting r" = p" = 0, = l/r", 72" = —I 

in Eq. (6), may be used for actual measurement if the effect of be 
properly eliminated. Thus, when fc « 1, the usual quarter- wavelength 
change is made in d. For general values of k the same effect is achieved 
by the use of two measurements ^\ith a tapered sample (Fig. 10*316). 
When the quarter-wavelength change is made, the average of the two 
computed values is used; when the tapered sample is used, the difference 
of the two d's and the ratio of the two 72's are substituted, rather than 
the quantities themselves, into the equation. Wall losses are com- 
pensated, mutatis mutandis, by the procedure of Secs. 10*5 or 10*18. 
This is true of all the methods of this section. 

A second method of achieving much the same result is given in Fig, 
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10*3 Id, where the measuring probe is so located that the measured 
reflection must be completely independent of r<. This property, which 
is easily proved by Eq. (7) of the introduction, also follows from the well- 
known fact that the impedance of a termination depends only on the 
termination, not on the items that may have preceded it in the line. 
In terms of the measured reflection at the point Aj which is a distance d 
from the short circuit (Fig. 10*31d), the transmission equations of the 
foregoing pages, ^vith the substitutions described in the above para- 
graph, will again give fc and tan 5. The result involves no theoretical 
approximation. 

As far as the present theory is concerned, the choice of point A is 
arbitrary; in particular, it need not be at a voltage node as shown in 
Fig. 10*31d. But when measurement instead of theory is considered, 
the advantage of this choice becomes at once apparent, for the reflec- 
tion, as well as the phase, cannot be readily determined at any other 
points of the line. In connection with measurement procedure it is 
worth noting also that, for measurement of reflection at a point within 
the sample as here required, it mil not do to take the ratio of maximum 
to minimum power in the conventional manner, since the attenuation 
produced by the sample may become appreciable over the region thus 
traversed by the probe. Instead the procedure to be discussed is used 
noting that Eq. (79) for reflection in terms of the width at twice minimum 
is valid here if be replaced by X,n, the wavelength in the material in 
guide. The dielectric constant fc may usually be determined first from 
the minimum position alone. After k has been thus determined, Xm is 
computed without difficulty, and with \n known the reflection is obtained 
from Eq. (79), wliich in turn gives tan b by the procedure outlined. If 
the loss is so high that it appreciably affects the value of X^ — which is 
most never the case in practice — then the equations are transcendental ; 
they may, however, be solved by successive substitution in the manner 
suggested for Eq. (33). 

The foregoing method neglects loss in the short circuit itself, which is 
not compensated even when tan 5waii is subtracted from tan as 

prescribed. To obviate this difficulty the reflection may be measured at 
two points, for example, A and B of Fig. 10*3 Id; d is taken now as the 
distance dm between the points, and the reflection as the ratio of the two 
measured values. Because of the need for a slot in the sample, the 
method of Fig. 10*3 Id is not well suited for measurement at very short 
wavelengths, although the same or a similar procedure appears to have 
been employed successfully (Ref. 17c) for measurement of k in the 3-cm 
range. Since the slot is in a region of maximum field, the error is prob- 
ably somewhat larger than that for an equivalent area spread over 
the top of the sample. In other words, the present failure of the sample 
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to fill the guide completely is more serious than the ordinary clearance 
problem. It must be mentioned, however, that this method has an 
outstanding advantage over all the others involving a short circuit in 
that the character of the load does not change while the measurements 
are being made. The results for different sample lengths or for sample 
and guide need not be compared. The necessity for generator isolation 
is thus materially reduced, since the free-space wavelength can be 
measured while the sample is in place. 

The use of a probe and a short circuit for dielectric measurement as 
described permits a physical interpretation somewhat different from the 
one here given. Thus, the problem has been regarded as analogous to 
transmission, a procedure which was made plausible by Figs. 10*316, 
and which was proved by Eq. (6), If the dielectric constant is considered, 
however, the method of Fig. 10*3 Id may be interpreted as a means of 
measuring the wavelength in the material, without regard either to 
transmission or to reflection as such. For negligible tan^ b the distance 
between the fth and (z + n)th node is equal to nXtr»/2, and hence k is 
given by the relation plotted in Fig. 10*29 and Eq. (67), with = d. 
This point of view, which is the one adopted for such methods in Ref. 
6a, may be used here and in the following paragraphs to supplement the 
transmission analogy noted. The wavelength presentation is in some 
respects the simpler when loss is not in question, whereas the trans- 
mission analogy is to be preferred for the general case. 

Methods Not Using a Probe , — At short wavelengths the design of 
traveling probes becomes difficult, and methods have accordingly been 
devised for obtaining the necessary information by other means. Several 
of these methods have already been described in the foregoing sections 
of the present text, with regard to measurement of both transmission 
and reflection. For the present situation, in which the sample is folioweq^; 
by a short circuit, the procedure suggested in Fig. 10*32a may be used. 
As the plunger and with it the sample are moved along the line, the 
receiver reading will take on maximum or minimum values; the difference 
between plunger positions for corresponding values will be equal to X,„/2, 
and k is thus to be found from Eq. (67), In other respects too the method 
is equivalent, as far as principles are concerned, to that of Fig. 10*31d. 
Thus, it is possible to imagine the sample and plunger positions held con- 
stant while the generator and receiving system are moved; all theoretical 
relations or procedures for the previous case are therefore applicable here. 
With regard to actual operation in practice, however, there are several 
differences in addition to the valuable property of not requiring a travel- 
ing probe. The line leading to the load is of variable length, for example, 
with the result that the usual measures must be taken to prevent inter- 
action between the two components of the system— in the present 
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Fio. 1032. — Methods of making measurements on a sample, backed by a short circuit, 
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case, between generator and load. Added to this requirement, which is 
essentially that the generator reflection must be small, is a second 
requirement that the sample be tapered, for the sidearm, corresponding 
to the probe in Fig. 10-3 Id, has a relatively high reflection of its own. 
Partly because of this reflection the method is found not to be satis- 
factory for evaluation of loss; its originator, E. b. Younker, has used it 
successfully, however, for measurement of k (cf. Ref. 6a). 

In Ref. 16a the foregoing procedure was modified as illustrated in 
Fig. 10*3 Id and used for measurement of the delectric constant of ice. 
The plunger is now moved by melting the sample, which thus changes 
in length while the interface position remains constant ; but in all respects 
relevant to the present discussion the method is equivalent to that of 
Fig. 10*32a. A second modification, developed by E. L. Younker and 
E. M. Purcell (cf. Ref. 6a) is represented in Fig. 10*32c, where the use 
of a mercury well eliminates error due to clearance. The samples, which 
must be in the form of rods, should be of a diameter D satisfying 

0.765X ^ DVk ^ 0.585X 

to permit propagation at one and only one mode; but in other respects 
the theory and equations remain the same as for Fig. 10*3 la. A final 
modification (Ref. 16a), which gives information on tan 8 rather than 
on kj is that shown in Fig. 10-32d. The ratio of maximum to minimum 
power is taken, first in one side arm and then in the other, as the plunger 
is moved. From this the ratio of the reflection coefficients at the two 
points is computed and the procedure thenceforward is the same as that 
described in connection with Fig. 10-3 Id. 

THE SHORT-CIRCUITED-LINE METHOD 

10*16. Theory. — Although sufficiently exact for numerical computa- 
tion when Vi = 0, the precise analogy to transmission is no longer obtained 
when Ti > 0. The following relation, however, which is suggested by 
Fig. 10-3 Ic, may be proved by direct substitution from Eqs. (33), (65), 
and (69): 

^Complex reflection minus com- 
plex transmission for a similar 
sheet of thickness 2d backed 
I by a matched load. 

A special case of a similar result which has been proved from the relations 
of the Introduction, this equation is easily shown, by the methods here 
adapted for such extension, to be valid without error for lossy materials 
in wa^'eguide or at arbitrary incidence. This affords another proof 


Complex reflection for a sheet of 
thickness d backed by a metal 
plate (D = 0) 
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of the unity so often observed in the present text, in that the relations for 
the short-circuited-line method are contained in those for a single sheet. 
Of course the details of actual computation require further study, which 
will be given in the present section; as far as principles are concerned, 
however, the equivalence has been completely established. 

General Considerations , — From the result just stated, it may be shown 
that one of the most significant practical differences between the short- 
circuited-line method and transmission methods is the behavior of errors. 
Thus, when dealing with transmission, it was found necessary to have 
1 — < small, so that the measured effect would be due to tan 5 alone. 
This condition, which arose through experimental requirements, immedi- 
ately led to the theoretically simple situations « 0 (tapered sample) or 
r « 0 (half-wavelength thickness). It was therefore unnecessary to 
give a detailed consideration of rectangular samples for general values of 
d. When dealing with reflection, on the contrary, no such artifices are 
required to achieve experimental accuracy; the quantity 1 — R will 
automatically approach zero with tan 5, irrespective of the value of d 
or r<. Physically, this behavior follows from the fact that all power 
not measured must now be absorbed, since none is transmitted through 
the termination; but in the* transmission measurement the powder not 
measured could be either reflected or absorbed. The use of tapered 
samples, samples an integral number of half wavelengths long, or the 
other modifications heretofore described, is therefore unnecessary Avith 
the short-circuited-line method, and an investigation of the theory for 
the general case (Fig. 10*31) is well worth w hile. 

If a lossless sheet is backed immediately by a metal plate in free 
space, the normal-incidence reflection Re~^^' for the whole is given by 


(Vk - 1 ) + iVk 4 - 
iVk + 1) + (\/* - l)c~2W 


(69) 


as is seen if values from Eqs. (8) and (9) are substituted for t", r" and 
p"; and R^' is set equal to —1 in Eq. (6). By reference to Eq. (12) 
and Table 10*1, the exact solution is obtained for the general case repre- 
sented with Z> = 0 in Fig. 10*3 la. The equation so obtained can be put 
into strikingly simple form without approximation of any kind ; whether 
in free space or guide, the entire problem reduces to the transcendental 
equation (Refs. 25, 55) 

!5S^> - (70) 


where c and d are known and a and 5 are required. Since it involves 
but two variables, the left-hand side of Eq. (70) may be plotted or tabu- 
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lated without difficulty (Ref. 56) and thus, in principle at least, a general 
solution of the problem with arbitrary thickness, interface reflection, and 
loss is obtained. It is worth noting that the short-circuited-line method, 
or modifications of it, are apparently the only ones for which the general 
equation simplifies in this way. Although simple results can be found 
for the other methods, they depend upon neglect of tan^ 5, elimination 
of r*, or some similar artifice. 



\a/d tanZvU 


Fio. 10-33. — A plot of 2 t tan xjx giving the general solution of Eq. (71); x — 27rV’, 

In Spite of this increased simplicity (as compared with the correspond- 
ing result for other methods) actual computation from Eq. (70) leads to 
a certain amount of difficulty in practice. The mathematical methods 
whereby such difficulty is circumvented are not relevant in a discussion 
of measurement procedure, and are moreover described at length else- 
where (Refs, la, 26, 56). It therefore suffices here to point out the 
existence and theoretical advantages of Eq. (70). Attention is hence- 
forward confined to the case tan^ 3 = 0, which leads to simple relations, 
and actually includes most situations of practical interest. The results, 
to this approximation, are given in Refs. 266, 96, and, together with 
correction terms for more accurate approximation, in Ref. 226: 

y — = ~ tan 2x17, (71) 

X f- Tir A "■ 4x CSC 4x[7 

The quantities U, V, W are given by 


(72) 
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(A + d) 
^ 


V =: ^ ~ P 

X ' 

TF = il^, 

vl+R 


(73) 



0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

U = (A+(iJ/X^* (minimum position without sample minus that with sample plus sample 
thickness)/(guide wavelength) 

Fig. 10-34. — Explicit curves of k vs. measured quantities, valid for p = 0.346. 


in terms of the amplitude reflection coefficient R and the shift in minimum 
position A produced by in^rtion of the sample. Although transcen- 
dental, Eq. (71) is readily solved by graphical means; indeed, a plot 
of (tan x)/x is all that is Required (Fig. 10-33). When much work 
is to be done for a given value of p, however, it is expedient to give a less 
general presentation such as that sho^vn in Fig. 10*34. The equation for 
tan 6 is likewise solved conveniently by means of graphs; because of 
periodicity, a single set of curves covering a limited range suffices for all 
cases (Fig. 10*35). When the thickness is an integral number of quarter 
wavelengths, this graph cannot be accurately read ; but its equation then 
takes the simpler forms 


tan 5 « 


FA" 

kdkn 


tan 5 « H" ^ 
a 



( 74 ) 
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and graphical computation is less convenient than direct computation 



Fig. 10«36a. — Value of sample thickness 
for maximum accuracy with short-circuited- 
line method. Condition for minimum 


slope in Fig. 10«34, The slope is greater 
than 60° in the shaded region, less than 
60° elsewhere. 


for this case. The error is less 
than 5 per cent in the first equation 
when 0.73 < V < 0.77, in the sec- 
ond when 0.48 < V < 0.52. Wall 
losses are compensated as described 
in Sec. 10T8. 

Thickness for Maximum Accura- 
cy , — In the transmission method, 
the accuracy of fc, for given experi- 
mental errors, increases steadily as 
d increases, although of course err- 
ors due to clearance are not thus re- 
duced. In the present case, no 
such steady decrease of errors is ob- 
tained. As is seen from Fig. 10-34, 
regions of high accuracy alternate 
with those of lower* accuracy; only 
the general trend is preserved. 
Closer scrutiny of this effect, which 
is caused by the nonzero value of r*, 
shows that the errors in k caused by 
errors in A are minimized if the 


thickness is an odd number of quarter wavelengths (Ref. 5b). Thus, Eq. 
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Fig. 10* 36c. — Measured dielectric constant 
vs. sample thickness at X = 1.25 cm. 


(20) with n odd is the condition for minimizing the slope of the curves in 
Fig. 10-34. To estimate the permissible deviation, a point on the 
curve may be found where the slope has some preassigned constant 
value; although highly arbitrary, such a procedure does give an indi- 
cation of the general behavior (Fig. 10-36a). The same condition max- 
imizes the value of 1 — R and thus minimizes the error in tan 5 (cf. Ref. 
56 and Fig. 10-366). On account of these considerations, which are shown 
by Fig. 10-36c to be important in 
practice as well as in theory, the 
original data should fall in a re- 
stricted region of the curves. For 
purposes of computation this re- 
stricted region may be plotted on 
an expanded scale, as shown in Fig. 

10-37, the remainder of the curves 
being omitted. Alternatively, a preliminary value of k may be obtained 
with any thickness, this preliminary value may be used to satisfy Eq. 
(20), and the final values of k and tan 5 may be computed from the 
resulting simplified form of Eq. (70). The merit of this procedure 
(cf. Refs. 56, 246) is most evident when tan^ 5 5*^ 0, as the compu- 
tations are then greatly facilitated. For low-loss materials of the type 
here considered, however, the equations are sufficiently simple in the first 
place without this experimental complication; and in most cases k can 
be estimated well enough beforehand to come within the range required 
by Figs. 10-36a and 10-37. 

Before this question of the optimum value for d is left, it should be 
noted that another consideration will lead to the opposite conclusion 
from the one just obtained. Thus, an error is produced by irregularity 
in the air — sample interface or by a failure to have it perpendicular to 
the waveguide axis; this error will presumably be minimum when the 
interface is in a region of minimum field (Ref. 13a). The ‘‘optimum’* 
thickness on this basis is an integral number of half wavelengths, 
d = r?Xm/2, a value that is also obtained for k by maximizing the slope 
in Fig. 10-38 rather than in Fig. 10-34 (cf. Ref. 186). Thus, the previous 
argument is to be regarded with a certain diffidence in some cases. 

Gap between Sample and Short Circuit , — The foregoing results assume 
that the sample is immediately followed by the short circuit, which is 
perhaps the most convenient situation in practice. There may, how- 
ever, be a gap between sample and termination, as sho^ra in Fig. 10-3 la, 
and it is of interest briefly to consider this new arrangement. It is clear 
that the necessary theoretical relations are contained in the introduc- 
tion for that case also; it suffices in fact to substitute r" = p" = r 
as determined by Eq. (66), = r" = i as found from Eq. (33), and 
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Fio. 10»37.— -Expanded chart for computation of k when p =» 0.345, giving region of high 

accuracy only. 

ft" = e ^ , for the variables of Eq. (6), which then gives B/A^ the 
over-all reflection of sample and short circuit, in the free-space analogue 
of Fig. 10*31a. The extension to guide is made in the usual way; specif- 
ically t and r are taken appropriate to that case and X is replaced by X^ 
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in the relation for jB". Since it illustrates no new principles, and is more- 
over rarely used in practice, the somewhat complicated relation so 
obtained is omitted (see Ref. 56). The exact solution, however, leads 
to an equation of the form of Eq. (70). Perhaps the most significant 
change, from a practical point of view, is in the behavior of errors. Thus, 
the optimum thickness is found to be an odd number of quarter wave- 
lengths when D = 0; but if on the other hand D = (2n + l)Xfl/4, then 
the optimum thickness for both k and tan 5 is an even number of quarter 
wavelengths (Ref. 56) (cf. Ref. 56 and Fig. 10*366). For a thin sample, 
near-optimum accuracy is obtained if the location of the sample is sym- 
metrically disposed about an antinode (cf. Ref. 126), but for practical 



Gen 

Fig. 10*38, — Measurement of reflection by taking probe positions at which the power 
equals twice its minimum value. 

work the two values D = 0 or D = Xt,/4 are usually sufficient. It must 
be noted, in this connection, that the reflection for several values of D 
may be taken (Refs. 19a, 236) and that k and tan 8 may be computed by 
relations somewhat different from those given here. It is not apparent, 
however, that any appreciable advantage is obtained thereby, and the 
duplication of effort, the need for moving the sample, and the difficulty 
of compensating for wall losses between sample and short circuit are 
undesirable in practical work. 

10*17. Measurement Procedure. — Hitherto theoretical methods of 
finding k and tan 8 from the measured quantities R and A have been 
considered. The experimental techniques merely concern the problem 
of impedance measurement, for which a number of different methods 
are available from current practice. Free-space methods have been 
considered in detail, and no new problems are presented by the short- 
circuited-line procedure. In fact the experimental operations are some- 
what easier to perform than in other methods, since the metal plate 
can remain stationary at all times, while the sample is placed on it or 
removed as required. The problem of locating sample and metal at 
precisely the same distance from the antennas, which is one of the chief 
difficulties of measuring phase in free space, accordingly does not arise in 
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the short-circuited-line method. A similar advantage is that the 
reflection of the combination of sample and metal is usually about the 
same as that from metal alone, and thus a sharp minimum for phase 
measurement can be obtained in both cases. 

Direct Measurement of Standing-wave Ratio . — Perhaps the most widely 
known of the waveguide methods is that in which the maximum and 
minimum received powers, and jn*, are measured as the probe is 
moved along the line, whereupon the reflection is computed from 


n _ - m) 

" {M + m)’ 


(75) 


and A is determined by setting the probe on a minimum. Despite 
its general acceptance, this method has certain shortcomings for the 
case at hand. In the first place, r-f detectors obey the square law only 
approximately, and often the voltage V from the detector is 


V oc (7(i) 

where E is the electric field in the r-f line. If a 2, such a relation 
never gives true proportionality of r-f power and receiver reading, 
and it is apparent that both the magnitude and the percentage error 
approach infinity with power standing-wave ratio, no matter how small 
the deviation of a from the ideal value 2 may be. Nor is it easy to correct 
the error by evaluation of a and by use of Fig. 10-39, for a is likely to 
depend on field strength over the wide ranges encountered in the present 
application, since a detector sufficiently sensitive to respond to the 
minimum is usually overloaded at the maximum. For the measurement 
of high-power standing-wave ratios by the proposed method a calibrated 
attenuator must be used in somewhat the same manner as that previously 
described for transmission; specifically, the maximum when the attenuator 
is present and the minimum when it is absent are measured — a procedure 
which introduces new errors, however, in accordance with Table 10-2. 

From the foregoing it appears, first, that errors due to nonlinearity 
become excessive when high standing-wave ratios are measured by the 
maximum-to-minimum technique; and second, that these errors can be 
reduced by the use of an attenuator, although a certain amount of care 
must be exercised in this operation. Direct measurement of high 
standing-wave ratios in the manner described is open, however, to still 
another objection, namely, in the derivation of Eq. (75) not only is the 
voltmeter reading assumed to be proportional to the r-f power at the 
probe but also it is assumed that this r-f power itself remains unchanged 
when the probe enters the line. For quantitative investigation, the 
generator may be regarded as matched to the line, (7 = 0, which condi- 
tion has just been shown to be desirable in any case. The true value 
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« = law of detector 



Fia. 10*39. — Theoretical effect of detector nonlinearity on certain r-f measurements. 
Lower curves: Effect on power transmission as measured directly; or on power reflection 
as measured at incidence far from normal; or on (SWR)* as measured by the maximum- 
minimum technique. Upper curves: Comparison of the effects of nonlinearity in the 
maximum-minimum method of refleefi^n 
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of the reflection R may be assumed to differ but slightly from unity. 
By the methods of Ref. 5a, or directly from Eq. (7) of the present text, 
the relation plotted in Fig. 10-40 is obtained, 

P -j- (»0S JP^ 

fractional error in (1 — fl) = — 2 ^ 2P cos P* 
or, for P' = TT, 

fractional error = Y~^~p^ 

for the fractional error in 1 ~ P produced by a thin probe with reflection 
coefficient Pe~^^\ Equation (78) is usually valid if the probe is tuned 



0 0.2 0.4 0.6 0.8 

Probe reflection P 


Fig. 10-40. — Fractional error in (1 — R) produced by a probe reflection P exp (,P') 
when a high reflection R is measured by the iiiaximum-niiniinurn technique and the gener- 
ator is matched to the line. 

for maximum pickup, as was shown in Ref. 5a, where it was also found 
that the dependence of P on the probe depth 6 is essentially exponential : 

P == Ae»\ (79) 

The error in minimum position is also given in Ref. 5a; it is of the order 
of P sin P' (1 — R)^ and is entirely negligible here. 

When added to those just obtained, this result on probe reflection 
permits numerical estimates of the over-all error to be anticipated in 
ordinary practice. Suppose, for example, that a power standing-wave 
ratio of 10® is to be measured directly as the quotient of maximum and 
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minimum. If no attenuator is used it is seen that a detector law of 2.02 
(instead of 2.00) leads to an error of 26 per cent in the final result, exclu- 
sive of inaccuracy caused by the probe. To avoid this error, an attenua- 
tor known to have exactly 40 db attenuation and a reflection coefficient, 
from either side, of 0.01 per cent in power is used. Error due to non- 
linearity is now reduced to about 5 per cent. Since an attempt to match 
generator to load, if successful, might lead to an error of over 10^ per 
cent upon insertion of the attenuator, the generator is isolated by an 
attenuator whose reflection is likewise 0.01 per cent in power. The 
maximum error due to reflection is then about ± 8 per cent, as seen by 
Table 10*2; thus the over-all error is now 12 per cent instead of 26 per 
cent. To either figure must be added the inaccuracy due to the probe, 
however, which is shown by Eq. (78) to be about 30 per cent in power 
standing-wave ratio if the probe reflects as much as 0.5 per cent in 
power. With these rather conservative estimates for detector law and 
reflection coefficients, errors as high as 40 to 50 per cent may be expected 
in the final power standing-wave ratio if it is measured by the pro- 
cedures here described. 

Computation from Width at Twice Minimum . — ^The foregoing method 
has been considered in some detail, partly because it is standard practice 
for most types of reflection measurement, and partly because the excellent 
alternative method developed by A. R. von Hippel (Refs. 2b to 5b) can 
be properly appreciated only after a discussion of the sort just given. 
In this alternative method the probe positions u and v at which the power 
has twice its minimum value are measured as illustrated in Fig. 10*38. 
If a lossless line, exact linearity of all receiver components, and zero 
probe reflection may be assumed, then the expression 


{SWRy = 1 + CSC- 

[x(c — u)/\Y 

is obtained for the standing-wave ratio produced by the termination. 
The approximate Eq. (80) is valid with an error less than 1 per cent 
whenever the standing- wave ratio is greater than 133, and it will hence- 
forward be treated as a strict equality. In terms of the measured posi- 
tions u and V without the sample, w and x with the sample (Fig. 10*38) 
the quantities U and W of Eq. (73) take the form 


U = [{u + v) — (w + x) + 2d] 


2\a 


W = 


(x ~ w) 


(81) 


(82) 
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and preliminary computation of the reflection coefficient R is unneces- 
sary in practice, ft must be mentioned, incidentally, that the three 
quantities \/{SWR)y (1 — ft), and {x — w) all vary in approximately 
the same way. As is seen from Eqs. (75) and (80) they are in fact almost 
proportional whenever ft » 1. Hence the fractional error of any one 
is nearly equal to that of any other; and the three quantities shall there- 
fore be regarded as interchangeable. Whichever one happens to give 

the simplest result for the problem 
at hand should be used. 

In a consideration of experi- 
mental errors, it is found that those 
discussed in the preceding para- 
graphs are practically eliminated 
by the method in question. The 
effect of nonlinearity is represented 

by 

fractional error in {SWR^ 

= "2 - (83) 

for example, which is shown in Fig. 
10*395. In view of the low fields 
and small variations here encoun- 
tered, moreover, the parameter a 
may be expected to be constant and 
to deviate but slightly from its ideal 
value 2, whereas in the former situ- 
ation the reverse was the case. 
There is no occasion to use an at- 
tenuator in the manner previously 
described, and this source of error 
is eliminated. From the fact that the probe is in a region of low 
field it may be concluded (Ref. 56) that these errors too, although 
not obviated entirely, are greatly reduced. Intuitive reasoning of 
this sort is indeed verified by quantitative calculation. Probe 
errors with a matched generator are completely negligible in the sense 
that the approximations made in the derivation of Eq. (80) are equally 
valid whether P be zero or positive (Ref. 5a). In other words, irrespec- 
tive of the value of ft', the only terms in 1 — ft which are affected by 
probe reflection are terms of the order of l/{SWRy or higher, and are 
of no significance here. That this relative insensitivity to probe reflec- 
tion is found in practice is verified by Fig. 10*41. 

Power Level for Optimum Accuracy , — This superiority of the alternative 
method is not confined to measurement of standing-wave ratios, but is 



Probe depth In inches 

Fio, 10*41. — Experimental comparison 
of the effects of probe penetration on 
(SWR)* as measured by the maximum- 
minimum and twice-minimum techniques 
in guide at X = 3.2 cms. The points O, □ 
represent values taken by the twice- 
minimum method with the generator 
matched to the line and load, respectively, 
while the points #, A represent correspond- 
ing results as measured by the maximum 
technique. The curves are theoretical 
with the constants .4, jB of Eq. (79) ad- 
justed for optimum fit, the same values be- 
ing used for each curve; data from Ref. 6o. 
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found for the minimum position as well. Thus, instead of a setting on a 
point of zero slope being attempted, two points for which the slope is posi- 
tive are averaged, a procedure that is feasible by virtue of the symmetrical 
curve shape (cf. Fig. 10T5 and accompanying remarks). If the deter- 
mination of minimum position is considered in more detail, the error in 
position is found to be about equal to that in the two measurements of 
distance v and u. These errors will be least if the power level at which 
they are made is such that the slope of the curve of meter-needle dis- 
placement vs. distance is a maximum. If the meter is linear, the maxi- 


Slope is maximum 
at these points 



Probe position 
( 0 ) 



Fia. 10«42. — Conditions on receiver gain and portion of curve selected, to obtain 
optimum accuracy, (a) Effect of gain on slope with a linear meter. (6) Same, logarith- 
mic meter, (c) Measurement of width at twice minimum from that at K times minimum. 


mum of the curve will be far off scale in normal practice, and the points 
of greatest slope occur at full-scale deflection. As the gain is increased, 
this maximum slope will likewise increase up to a certain point, then 
decrease to zero when the minimum itself causes a full-scale deflection. 
Quantitative investigation shows this point of maximum slope to occur 
at the harmonic mean of maximum and minimum as illustrated in 
Fig. 10*42a. To determine phase with optimum accuracy when a linear 
meter is used for large standing-wave ratios the gain should be adjusted 
until the minimum leads to half-scale deflection, and the two probe posi- 
tions that are then found to lead to full-scale deflection should be aver- 
aged. If the meter is logarithmic rather than linear, all properties 
relevant to the present discussion are independent of receiver gain (Fig. 
10-426), in contrast to the results noted. When the derivative is maxi- 
mized, however, the harmonic mean of maximum and minimum repre- 
sents the condition for maximum slope and hence, as before, the optimum 
points for high standing-wave ratios are the ones actually used. The 
methods and results of this paragraph are valid for any curve which 
approximates a parabola near the minimum. 
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The question of slope is somewhat more complicated when the width 
of the curve rather than minimum position is considered. Thus, if 
the length of a segment is measured at a power level K times the mini- 
mum, as shown in Fig. 10-42c, then the desired twice-minimum segment 
is given by (Ref. 2a) 


t; — w = 


TT \/ K — 1 


sin 



jv' - uQ 

V~K~^ 


{v' - u') « X, (84) 


and the error in v — a is thus less than that in v' — w' by a factor \/if — 1 , 
approximately. For this reason greater accuracy is sometimes achieved 
by taking one-third the width at ten times the minimum, for example, 
rather than by direct measurement of the width at twice the minimum. 
Despite the fact that the end points of such a segment are determined 
with less accuracy than is the case for v — a, the additional error is often 
more than compensated by Eq. (84). No such desirable behavior is 
found for errors from nonlinearity, how^ever; instead of F^q. (83), 

jr _ , 

fractional error in (SfFZi)^ = j-* (85) 


The expedient of Fig. 10*42c is to be recommended, then, only for unusu- 
ally low’-loss samples that give a minimum too narrow^ to be measured 
with precision, and only when the detector is accurately linear. In 
other cases the increase in accuracy, if obtained at all, would scarcely 
w'arrent the added complications. 

10*18. A Few Sources of Error. Impurity of Generator Output Power. 
It has been assumed throughout the foregoing discussion that only a 
single frequency is generated by the source of r-f powder. The output 
power of a modulated klystron does not always satisfy this condition, 
however, but sometimes has components at frequencies different from 
the fundamental. This behavior is the result of improper modulation 
of the generator (Ref. la) ; it ii quite different from the normal presence 
of harmonics in the frequency spectrum of a pulse. Since they deal 
chiefly with generator adjustment or design rather than with measuring 
techniques, methods of correction are not included here (cf. Ref. la). 
It is of interest, however, to investigate the effect as to order of magnitude, 
an investigation that is readily made by Eq. (7) of the Introduction. 
As described in Ref. la, the r-f power is not present simultaneously 
at two different frequencies, but rather one frequency exists for alternate 
pulses of the modulator, or one frequency at one point of each pulse, a 
different frequency at a later point of the same pulse. For approximate 
quantitative computation, therefore, powers’ are added instead of 
amplitudes, and the meter reading is assumed to be the sum of the values 
for the two individual frequencies. With such an approach neither equal 
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resonance of the cavity nor equal sensitivity of the receiving system 
need be assumed, and in addition, the power need not be equally divided 
between the two frequencies. If the load reflection is independent of 
frequency over the small variation in question, then 


1 


1 


{SWR) 


measured 


iSWR)l 


+ 


1 - p V 


{tX 
X 




gives the measured standing-wave ratio at a distance X from the interface 
in terms of its true value, and the ratio of received powers at frequencies 
/, / + A/. The error in minimum position is of the order of A/ ; but when 
the results for sample and short circuit are compared, the error is found 
to be nearly the same in both cases and thus to cancel out. 

The result of Eq. (86) was obtained for direct measurement of the 
power standing-wave ratio as the ratio of maximum to minimum. If 
the power is set equal to twice its minimum value, however, and the above 
assumptions are retained, an identical expression is found for the error, 
except that the power standing-wave ratios are replaced by the squares 
of the twice-minimum widths as given by Eq. (80). Thus, direct meas- 
urement of the standing-wave ratio and computation from the width of 
the curve are equivalent as far as sensitivity to impurity of the frequency 
is concerned (Ref. 2a). The error in width, which has been seen to be 
essentially equivalent to that in l/(SWR)y is proportional to the right- 
hand term of Eq. (86) if the error is small compared with the actual width ; 
but if the reverse is the case then the error is proportional to the square 
root of this term. In particular, for a perfect short circuit, which gives 
a true width of zero. 


measured wddth = 




(87) 


The first factor shows that the error increases as the average frequency 
approaches the cutoff wavelength of the guide, and that it is proportional 
to the distance from the minimum to the sample; the second indicates that 
the error is proportional to the geometric mean of powers at / and / -(- A/ 
divided by the arithmetic mean; from the last factor it is seen that the 
error is proportional to the percentage change in frequency. A///. These 
remarks apply to the general case of nonzero width, if the error in width 
and each factor mentioned are squared. For example, if the frequency is 
3000 JVIc/sec and p = the measured width at the second minimum for 
a perfect short circuit [Eq. (87)1 is found to be about 0.0019 in. when the 
power ratio is unity and the frequency difference is i Mc/sec, whereas 
it is 0.001 in. when this difference is i Alc/sec. If the true wdth is 
0.002 in., however, then the error becomes 0.0007 or 0.0002 in., respec- 
tively. These computed values are consistent with the experimental 
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results of Ref. la, where a transmitter bandwidth of i Mc/sec was found 
to be satisfactory and a bandwidth of ^ Mc/sec caused a noticeable 
increase in the measured width of the curve. 

Wall Losses , — The foregoing errors occur in the actual process of 
finding U and V, When the quantities k and tan 6, are computed from 
these measured quantities, an additional error is found to be introduced 
by the neglect of wall losses. To correct this error much the same proce- 
dure is used as for transmission. The data are manipulated to obtain the 
values for lossy guide surrounding the sample, lossless guide elsewhere, 
and the computed result is interpreted by Eq. (40). With the short- 



Fio. 10-43. — Detailed behavior of width at twice minirnutn. 

circuited-line method the calculation (Ref. la) is particularly simple. 
As illustrated in Fig. 10*43, the width at twice minimum increases almost 
linearly with distance from the short circuit (Ref. 56), and the curves for 
different terminations are all parallel to one another. Both results 
have been verified by experiment; theoretically they follow from the fact 
that tan 6wdii is small enough to give exp (tan 5w»ii) ~ 1 — (tan 5w*u). 
With such linear dependence it is a simple matter to extrapolate the 
minimum width from the point at which it actually occurred to the air — 
dielectric interface I of the. figure. Although appropriate only to point 
I for lossy guide, this same extrapolated width would be appropriate 
to any point when the guide leading to the sample is lossless. With this 
procedure, which neglects the small loss in the short circuit, it is found 
(Ref. la) that tan 5 equals the^alue of tan 5 as obtained from Eq. (72) 
with extrapolated width, minus tan 5waJi. The quantity tan Swaii is 
obtained from 

tan 5wan = J5(l - p) (88) 

if D represents the difference in the TE^s obtained, either with or without 
the sample, for the kth and (k + n)th minima. Losses in the (v — u) 
length of guide over which the probe moves are neglected, as well as all 
wall losses, in computing phase. These approximations were also used 
in the transmission methods already described; that they are justified is 
easily proved theoretically. Additional verification is given in Fig. 10*44, 
where neglect of loss is actually permissible over a portion of line much 
larger than the length (v — u) in question here. 
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Insufficient Power . — A third source of error sometimes encountered is 
the frequency shift produced by the changing character of the load, or, 
with adequate isolation, the increase in apparent signal due to receiver 
noise. Thus, the short-circuited-line method differs from the others 
mentioned in that it leads to high mismatches that are of variable phase. 
Hence, whereas isolation of the generator was formerly of only secondary 
importance, it is now necessary to provide the requisite stability, for 



Distance in inches from minimum to probe d 


Fio. 10»44. — Experimental verification that neglect of loss is permissible in the region 
traversed by the probe. The points arc experimental at X = 3.2 cm; the curve is theo- 
retical, matched at two points. The triangles are for the probe near the short circuit, the 
squares are for the probe a half wavelength farther from the short circuit, and the circles 
are for plexiglas plus short circuit. 


despite the high and variable mismatch, the generator frequency must 
be the same when the two measurements are taken with and without 
sample. Even if the receiving systems were of equal sensitivity in both 
cases, the short-circuited-line method would require more power, for a 
given signal-to-noise ratio, than methods depending on transmission. 
In actual practice, however, this difference in available transmitter power 
caused by the need for isolation is enhanced by a similar difference in the 
receiving equipment. Thus, for transmission, a bolometer or similar 
device is used, placed in the line at the antinode of a short circuit, with 
the result that most of the r-f power actually contributes to receiver 
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reading. In the short-circuited-line method, on the other hand, the 
role taken by the bolometer is now taken by a traveling probe, which 
responds to only a small fraction of the total power available. Indeed 
it has been shown (Ref. 5a) that a thin probe cannot remove more than 
one-fourth of the power from the line, irrespective of its depth, and that the 
figure in ordinary practice is considerably less than this. Because of this 
combined loss of transmitter power and receiver efficiency it is found, 
at the higher frequencies, that klystron oscillators usually provide insuffi- 
cient power^ for the short-circuited-line method to be successfully used. 
A magnetron transmitter leads to no improvement, as the use of a 
bolometer instead of a crystal, necessitated by the short pulse, offsets 
the gain in transmitter power by a corresponding decrease in detector 
sensitivity (Ref. Gb). In principle the power standing-wave ratio may 
be increased by artificial means, and thus the need for readings at low 
power is avoided; for example, a poor short circuit may be used or a 
quarter-wave sheet of lossy material may be placed between the sample 
and the termination (Refs. 236, 246). Such expedients, however, are 
easily seen to destroy the inherent accuracy of the method. Thus, the 
value of tan 5 depends essentially on the difference of the two widths 
when the sample is present or removed (Ref. 236). Not only will 
this difference be small when the sample has loss low enough to require 
an artificial increase, but the original measurement of the width loses 
accuracy because of the decreased slope. These considerations are not 
to be confused with those of the foregoing discussion, where it was found 
preferable to adjust d for a large value of (1 — R). The increase in 
(1 — /?) there obtained was entirely due to the desired quantity tan 6, 
whereas it is now the result of the introduction of an extraneous loss that 
must be later subtracted. In view of these problems, then, there is need 
for a modified procedure that will give essentially the same information 
as that obtained from the points a, v, Wy x, of Fig. 10*38, but which will 
nevertheless presuppose no knowledge of the minimum. 

10*19. Modified Procedure for Low Power. — Determination of the 
minimum position {u + v)/2 presents no difficulties. If the attenuation 
is neglected in the part of the line in which the measurement is made 
(not in the load, nor in the line leading to it) it may be shown that the 
average of any two suitable probe settings for which the voltmeter 
readings are equal will give the minimum position. This is true inde- 
pendently of the law of the detector. Although the condition of maxi- 

^ This problem has been recently attacked by electronic methods that are quite 
different from the r-f methods to be considered here. Besides being at present incom- 
plete, however, such procedures are concerned chiefly with the means of power detec- 
tion or with receiver design. As far as r-f dielectric measurement itself is concerned 
they suggest no new principles, and are therefore omitted from the present discussion. 
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mum slope is no longer obtained, the curve is steep enough to give 
accuracy adequate for most purposes, and there is some compensation 
too in that fluctuations from noise are reduced. That such considera- 
tions are valid in practice was verified in Ref. 2a, where accuracies of 
the order of ±0.0002X for a short circuit and +0.0004X for a sample 
were consistently obtained at power levels 20 to 25 db above the 
minimum. 

Derivation . — From the ease with which the minimum position 
(m -h v)/2 may be found at low power it might be expected that equally 



d/% d/% 

(«) ( 6 ) 


Fio, 10*45, — Comparidoii of probe power vs. pKisition when maximum is constant (a) and 
when input power is constant (6). 

simple methods would give the width of the curve (v — w). Thus, since 
the general equation for probe power vs. position is known, the entire 
curve may be determined — and with it the twice-minimum points — by 
making any two independent measurements; for example, the width at a 
known fraction of the maximum power may be measured, or the two 
widths for any known power ratio. Despite the simplicity and similarity 
to the procedure for minimum position, however, such expedients are 
unsuccessful in practice; as was shown in Ref. 2a, the experimental 
errors are multiplied by 100 or 1000 in typical cases. Upon closer 
investigation it is found that there is nothing surprising in this behavior 
of errors, since the shape of the power-vs.-distance curve near the maxi- 
mum is practically the same for all large values of the standing-wave 
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ratio (Fig. 10*46a). It is therefore impossible to measure high reflections 
at low power by any method depending on shape alone. 

If the net input power were kept constant, however, the height of 
the curve (not its shape) would show a marked dependence upon standing- 
wave ratio even near the maximum, as is seen by Fig. 10*455, and the use 
of some sort of matching device is at once suggested. It is found, in 
principle, that only approximate matching suSices for measurement of 

the net input power, and hence for 
accurate determination of 1 — R 
(Ref. 2a) ; but in practice there are 
large errors from tuner loss, and 
the necessary adjustments are 
somewhat inconvenient (Ref. 3a). 
Without changing the essential 
features of the method, however, 
these difficulties may be obviated 
by the procedure suggested in Fig. 
10*46a, in which a curve of 
power vs. phase of generator mis- 
match ^\ith constant probe posi- 
tion is measured. By inspection 
of Eq. (7) a relation for the r-f 
power at the probe is obtained, 
and from this is found the theo- 
retical equation of the curve just 
described, if the receiver reading 
is assumed to be proportional to 
r-f power. The curve of power 
vs. phase of the generator mis- 
match is thus shown to be in- 
versely proportional to a curve of power vs. probe position with a load 
reflection RG, if G is the coefficient for the moving mismatch (Ref. 2a). 
From this property, which is illustrated in Fig. 10*46a, it follows that the 
behavior of the one curve near the maximum is essentially the same as the 
behavior of the other near the minimum. Thus, 

{x — w) ^ (x' — w*) — {xo — Wo)y (89) 

after making the same approximation as that used for Eq. (80). In 
Eq. (89) the quantities (x — w), (xq — Wa) are the widths at twice 
minimum which would be found in a curve of power vs. probe position 
with load reflections of R and (?, respectively, and (x' — ly') is the meas- 
ured width at half maximum found in a curve of probe power vs. the 
position of G (Fig. 10*46a). The equations for the unmodified short- 
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Fio. 10*46. — Modified short-circuited-line 
method. Diagram illustrating principles. 
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circuited-line method, Eqs. (71), (72) and all others, are valid here. 
If u' and t/ denote the two positions at half maximum without the sample, 
and w', x' the positions with the sample, then 


V = 
W = 


[(w' + v') — (w' + x') + 2d] 

(2X.) 

Kx' - w') - (!>' - u')] 


(90) 

(91) 


instead of Eq. (81). Equation (91) follows directly from Eq. (89), and 
Eq. (90), which is evident by inspection of Fig. 10-46a, may be proved by 
Eq. (7). 




Fia. 10«466. — Modified short-circuited-line method. Diagram showing details of equip- 
ment. 

Power Gain , — Up to this point it has been shown that the alternative 
procedure of Fig. 10*46a gives all data needed for computation of k and 
tan 5 by the unmodified short-circuited-line method. The errors are 
not excessive, being essentially the same as those in the unmodified 





DIELECTRIC CONSTANTS 


648 


[Skc. 1016 


method with R replaced by RG. It remains to investigate the power 
requirement, which is determined by the equation 

Power at minimum = (1 — Ry, (92) 

with the generator matched to the line, and 

Power at minimum = 7 ^ — j — (93) 
(1 + K) 

with the generator matched to the load. The latter condition may be 
approximated in practice by use of a plunger similar to that of Fig. 10*466 
(cf. Refs. 26, 256). With a lossless source of reflection Gy on the other 



Fio. 10*47. — Comparison of power requirements in modified and unmodified methods. 
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hand, the modified method gives 

Power at half maximum = ’ (^) 

for the power at half maximum which, like Eq. (93), represents the 
smallest power level required for measurement. In Eqs. (92), (93) and 



C in inches = (position of 0 for maximum received power minus 
actual position) 

Fig, 10«48. — Detailed comparison of experiment and theory for modified short-circnited- 
line methods. The points are experimental, the curves are theoretical from independent 
measurements of R and G, 

(94) the received power for the isolated generator connected directly 
to a matched load has been taken as unity. These results are compared 
in Fig. 10*47, where the modified method is seen to be operable at rela- 
tively low power; there is in fact a power gain, so that if the power be 
sufficient to give a reading with a matched load it will usually be more 
than sufficient to permit measurement of high power standing-wave 
ratios. In contrast to the behavior of most other methods for reflection 
measurement, moreover, the available power is found to increase rather 
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than to decrease as the load reflection approaches unity. With very 
large G, Eq. (94) can be used for measurement of J?, if the value of G is 
known and the generator is supplied with a suitable monitor (cf. Ref. 2a 
and Table 10*4). 

Accuracy in Practice , — In regard to the question of error it may be 
observed that the foregoing results are correct without theoretical 
approximation, irrespective of probe position and of the loss associated 
^vith Gf if line losses may be neglected and if power is propagated in only 
one mode. Thus, in practice, a low-loss source of reflection G is used with 
the probe set on or near the maximum to increase the available power; 
no theoretical error is incurred by a failure to satisfy these conditions. 
Experimental verification is given in Fig. 10-48, where the values of G 


Table 10-4. — Comparison of Four Methods for Measuring High Reflections 



Value of G used 

Termination 

0.897 

0.9490 

1 0.9793 

% 


Without 

sample 

With 

sample 

Without 

sample 

With 

sample 

Without 

sample 

With 

sample 

(u — p) as computed 
from maximum/ 
minimum. 

0.0020 in. 

0.0180 in. 
0.0171 

0.0023 in. 

0.0166 in. 

0.0020 in. 

0.0175 in. 

(u — p) as computed 
from over-all 
maximum, Eq. 
(83). 

0.0020 

0.0198 

0.0151 

0.0011 

0.0154 

« 

0.0014 

0.0014 

0.0174 

(w — p) as obtained 
by modified 
method, Eq. (78). 

0.0016 

0.0168 

0,0017 

0.0169 

0.0017 

0.0168 

(u — p) as measured 
directly by un- 
modified method. 

0.0013 

0,0168 

0.0178 

0.0016 

0.0171 

0.0015 

0.0170 


and R used for the theoretical curve were independently measured by 
the twice-minimum procedure. An additional check on the theory is 
given in Table 10*4, which compares the twice-minimum widths as 
obtained by direct measurement, by the standard maximum or minimum 
technique, by Eq. (94) and by the modified method, Eq. (84). 

The theoretical and experimental accuracy of the method naturally 
presupposes that the conditions for its use are satisfied in practice. The 
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probe reflection must be negligible, the value of G must remain con- 
stant, and the slopes must be such that the true points at half maximum 
can be accurately determined. The true points can be determined 
whenever RG is sufficiently large, the slope on a logarithmic meter being 
in fact equal to that obtained in the twice-minimum method for a reflec- 
tion of this magnitude. The discussion of Fig. 10*42 is therefore essen- 
tially valid for this case also; in particular, the points of optimum accuracy 
for determining minimum positions are the half-maximum points actually 
used. The value of the maximum slope so obtained increases steadily 
with G, and for this reason it is desirable to give G as large a value as is 
convenient. Such a condition not only gives greater accuracy but also 
leads to a higher output power, as the attendant loss in the transmission 
of G is usually more than compensated by the increased resonance 
effect of the cavity (Fig. 10*47). It is worth noting too that Eq. (84) 
involves the same approximation applied to RG as was applied to R in 
the derivation of Eq. (81). Hence RG must be greater than 0.84 if 
the error is not to exceed 1 per cent. With sufficiently large G (0.95 
to 0.98), but not otherwise, the inequality is usually satisfied. When 
R is so small that this is not the case, the exact equation analogous to 
Eq. (79) may be used or the comparatively small standing- wave ratio 
may be measured directly. 

Probe Errors , — Since the measurement is carried out in a region of 
high field, the impurity of the frequency might be expected to be less 
important and probe errors more important than in other cases. This 
latter conclusion was quantitatively verified in Refs. 2a, 5a, 6a. Thus, 
when the probe is at the maximum, the equation 

/p X P /r+^/^cosP' + 9i>2 

(/tmeMured) - n yj 2 P~qqs P' ^2 ^ ^(1 — /t) « 0 (95) 

/p '1 _ p ~ P)‘‘ _ p p' - , 

V-U' measured^ ^1 -j- RP ^ ^ ^ ^ 

give the measured reflection coefficient in terms of its true value R and 
the probe reflection Pe~^^\ This result may be derived from the rela- 
tions of the Introduction; the measured reflection is in fact equal to that 
for the probe and termination together, which is given by Eq. (6) with 

* r" = 1 - r" = p" = Pc-i^\ R" ^ R, d = 0— the last two 

substitutions being valid because the probe position is that for maximum 
power. In the course of dielectric measurement, the difference of the 
two determinations with and without sample is measured, a procedure 
that is found to cancel out the first-order terms in probe reflection (Ref. 
5a). The probe insertion must still be less than that permitted by the 
unmodified method ; but so great is the power gain that an improvement 
of -20 to 30 db is obtained even with the probe suflSciently retracted to 
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lead to negligible error. Experimental examples are given in Fig. 10*49; 
the curves are computed from an equation analogous to Eq. (84). 

Errors from Moving Plunger . — As was observed, the reflection O 
must be both high and constant, because a low value leads to small 
slopes and invalidates the approximation made in Eq. (89), and a value 
that varies with position will introduce errors in accordance with the 
same equation. To obtain a large value a choke-plunger short circuit 
may be used as shown in Fig. 10*465. For constancy, accurately machined 



0 0.02 0.04 0.06 0 0.02 0.04 0.06 


Probe depth in inches plus constant 

Fio. 10*49. — Effect of probe depth on measured width of curve at half maximum 
power (modified method). The points O, # are measured directly and the points □ A 
are determined from the width at one-tenth maximum. The curves are theoretical, com- 
puted as in Fig. 10*41. 

parts and a generator matched to the line are used. With regard to 
constancy, the error in G is found to be approximately 

Error = ±GiTl (96) 

if Tl is the power transmission coefficient of G, and Gi is the reflection 
looking into the generator as shown in Fig. 10*50. The use of a large 


Generator 

attenuator 


xfum 


Cc 


Fio. 10*60. — Generator reflection Gi. 

O is thus recommended to reduce TJ, as well as for the reasons just 
mentioned. For further reduction a small attenuator may be added 
as shown in Fig. 10*465. If this small attenuator has a one-way power 
tra n s mi ssion of 0.2, for example, then the error from Gi is reduced by a 
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factor of five; a power standing-wave ratio of 1.05 for Gi is now no more 
serious than one of 1.01 was before. The power requirement is not 
increased, since the need for generator insolation is obviated in proportion 
as the attenuation associated with G becomes large. 

Radiation . — Even with these two requirements of accurate machining 
and low GiT^ both satisfied, however, there may still be a slight error 
from radiation. Thus, the current lines are strictly parallel to the slot 
only when it is infinitely narrow; in actual practice there is always a 
certain amount of leakage. To avoid the consequent interference of G 
with the performance, the dimensions are adjusted in such a way as to 
have the choke plunger entirely enclosed at all times; that is, it is never 
allowed to extend to either of the two slots as G is moved (Ref. 2a). 
Error from radiation is further decreased by the use of a narrow slot 
and by arranging the probe carriage in such a way as to cover it com- 
pletely for all probe positions. This expedient is of value only when 
error from variable contact is less 
serious than that from radiation, 
which appears to be the case at least 
for the shorter wavelengths (Ref. 2a). 

Radiation from slots causes difficulty 
in maintaining G constant and in 
measuring high standing-wave ratios. 

Radiation is present whenever slotted 
equipment is used, for example, the 
phase shifters illustrated in connec- 
tion with the transmission method. 


>2.7 


2.6 h 


!2.5 


Line through point (0,1) 



S 0.160 0.165 0.170 

sample height In inches 

Fig. 10*51. — Experimental effect of 
clearance on measured value of k in 
rectangular guide at X = 1.25 cm. 
Points are experimental, curve empirical 
as given by Eq. (24). 


It may be eliminated by similar procedures in these other cases, of course, 
although the effect is usually negligible for all work not involving high 
reflection. 

Errors Analogous to Those Previously Discussed . — Most of the errors 
discussed heretofore are peculiar to reflection measurement. Because 
of the above-mentioned analogy between reflection and transmission 
procedure, other errors are similar to those previously discussed and 
need not be considered in detail. From clearance, for example, the 
behavior shown in Fig. 10*51 is obtained. Although presented only 
for the modified method, the same result would evidently have been 
obtained with the maximum/minimum or twice-minimum techniques, 
as is seen by Table 10*4 and the accompanying remarks. Similarly, the 
treatment of wall losses, although slightly complicated by the term 
{xa — Wa) of Eq. (89), is still analogous to the procedures heretofore 
described. If linear variation like that of Fig. 10*43 is assumed, the half- 
maximum v^idth is extrapolated without sample to the position at which 
the maximum occurred with sample, whereupon the term in question 
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is canceled by subtracting the two widths. To this difference must be 
added the change in width due to loss in the portion of line containing 
the sample, which is given by 

Change in width = 

if D represents the difference in the two widths found, either with or 
without sample, for any two positions of G differing by n\g/2. The modi- 
fied vddth so obtained is then substituted in Eq. (72) and finally the 
computed value of tan 5 is corrected by Eq. (40), where tan is found 
from Eq. (88) with D defined as in Eq. (97). As before, the loss in 
computing phase and in the portion of line over which G moves in a single 
measurement has been neglected, and the error is entirely negligible 
(cf Fig. 10*48). Strictly speaking, the present procedure is also incorrect 
in that it assumes the loss in the short circuit to be the same with and 
without sample, but the error so introduced usually does not exceed 
that in the unmodified method, where loss due to the short circuit was 
neglected altogether. In fact, the former assumption, is sometimes the 
more accurate, especially when y/k « 1. In such circumstances the 
method of compensation suggested for the modified method may be 
profitably applied to the unmodified method as well, the procedure being 
in all respects the same as that just described. 

10-20. Uses. — One of the more important characteristics of the short- 
circuited-line method is that it requires only a relatively small sample for 
precise measurement — a length of Xm/4 or, at the higher frequencies, of 
3Xm/4, being sufficient for high accuracy. This property of the method 
is due partly to the fact that the wave traverses the sample twice and 
partly to the increase of the standing-wave ratio usually found with 
decreasing sample length. Thus, although the measured effects, width 
and shift of minimum position, are smaller with a short sample, these 
measurements themselves ^ay be made with correspondingly higher 
accuracy. Since the method requires only small samples, it is thus 
especially satisfactory for research and other work involving materials 
not available in quantity. 

A related advantage is found in the location of the sample, which is 
placed at the end of the line rather than at some intermediate point 
as in the other methods discussed hitherto. The method is accordingly 
adapted to experiments in which the temperature is to be controlled, 
and is to be recommended especially for measurement of liquids. For 
such measurement the transmission methods can usually be used, if at 
all, only with clumsy expedients that are inconvenient and in general 
introduce considerable error. With the short-circuited-line method 
it suffices merely to have the equipment vertical (Refs, la, 5b). Because 
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of surface tension there is difficulty in deciding on a precise value for d, 
but this is a magnitude rather than a percentage error and may therefore 
be reduced by the use of a long sample, since the error in both k and 
tan 8y due to a given magnitude error in d, approaches zero as d increases 
indefinitely. A second expedient, by which the error is eliminated 
altogether, is the use of a window of mica or some other suitable material, 
a procedure that also prevents condensation of the liquid in the upper 
part of the guide. A detailed account of equipment for such measure- 
ments and of means for compensating the electrical effect of the window 
is given in Ref. la. 

The short-circuited-line method, besides using a small and easily 
accessible sample, gives high accuracy both theoretically and practically, 
particularly at wavelengths not much below 10 cm. Thus, the sources 
of error are few and well defined. Instead of a host of extraneous reflec- 
tions, as in the transmission methods, only the probe reflection exists, 
and this has been shown, for the unmodified method at least, to be com- 
pletely negligible in practice. Similarly, no calibration is required for 
the r-f components, and the detector itself may deviate widely from 
linearity Avith but slight effect on the measured results. Because of the 
relatively short sample permissible, errors from clearance are readily 
minimized, and because of the high standing-wave ratios, the necessary 
measurements of field can be carried out with considerable accuracy. If 
care is taken in the machining of the equipment and the sample, this 
method is found to be about as accurate as any other for the measurement 
of ky and perhaps more accurate than any other for tan 5. With regard to 
this last, in particular, not only is the general behavior of the errors 
favorable, but the theoretical compensation of the effects of r, and wall 
losses is found to be both possible and relatively convenient without 
approximation of any kind, provided that the short circuit itself pro- 
duces negligible loss. In other words, the exact equation, with all 
parameters arbitrary, assumes the simple and manageable form of 
Eq. (70). 

Only the unmodified method is clearly superior in regard to loss 
measurement; errors in the modified method are no longer eliminated 
with the same simplicity, and those remaining after compensation are 
usually somewhat higher because of the inconstancy of G and the 
decreased slope of the curve. The modified method, nevertheless, 
offers an advantage not possessed by any of the other methods dis- 
cussed so far in that it is operable even when the power is insufficient 
to give a receiver reading when the line is matched. Although found 
only in the modified method, this characteristic of low power requirement 
is perhaps of sufficient importance to be set down as a fourth advantage 
peculiar to the short-circuited-line procedure. 
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In a consideration of the unfavorable properties of the method, it is 
observed that it has a failing common to all procedures not carried 
out in free space inasmuch as it presupposes an accurately prepared 
sample. At best a tedious process, this preparation becomes exacting for 
short wavelengths, and it is at these short wavelengths that the alterna- 
tive free-space methods appear to best advantage. A second disadvan- 
tage, which again is especially noteworthy at the short wavelengths, 
is that a considerable supply of accurately machined equipment is 
required; in particular, a traveling probe of some sort is required for 
either method, and an accurately constructed reflector G is required 
as well for the modified procedure. A third disadvantage is the high 
power requirement of the unmodified method, which is surmounted by 
the suggested modification only with an attendant loss in accuracy for 
tan d. And finally, the method is unsuitable for measurement of gases: 
the use of a short sample is not only permissible but imperative if the 
standing-wave ratio is not to become too small, and the path lengths of 
500 to 2000Xm required for even moderate accuracy in measurement of 
gases would lead to prohibitively low values from the effect of line losses 
alone. 


CONCLUSION 

Retrospect , — In the course of the foregoing pages the great variety 
of experimental techniques by which dielectric measurement can be made 
in the microwave region was noted; and at the same time an equally 
great uniformity in the theoretical principles required was observed. 
The equations for every method were, in fact, deduced from Eq. (2) of 
the Introduction ^vith its corollary Eqs. (5), (6), and (7), and from Eq. (8) 
with the supplementary results, Eqs. (9), (12), and Table lOT. Not 
only did these few relations suffice for the transition from data to results 
in ideal circumstances, biit they also allowed an investigation of many 
of the sources of r-f error.* An illustration of this repeated application 
of a few simple equations is found in the modified short-circuited-line 
method just considered; and the deviations for this method, which is of 
importance in the sequel, may be summarized in the following manner. 
The first step was the computation of r» from Eq. (8) ; with known, the 
corollaries of Eq. (2) gave both reflection and transmission for a lossless 
sheet of arbitrary thickness in free space. In the situation in which 
the sheet is followed at a distance D by a metal plate, it was found that 
this more diflScult configuration also depended for its solution upon Eq. 
(2), the extension to lossy materials in guide being made by Eq. (12) and 
Table lOT. The fact that the measuring probe has, in general, a non- 
zero reflection led to the investigation of the consequent error — a com- 
putation which required only that the over-all reflection of probe and 
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termination be computed, which could accordingly be done by the same 
methods. The next step was to relate receiver reading to plunger posi- 
tion, a problem that was likewise solved by a corollary of Eq. (2) ; and 
finally the error due to generator reflection was investigated by the same 
means. This uniformity of theory has been noted for each of the other 
methods, the derivations from Eqs. (2) and (8) being, in fact, more 
immediate than in the case described. 

To the mathematical equivalence just observed must be added a 
similar correspondence in the physical principles required. Thus, the 
last procedure was proved essentially equivalent to the short-circuited- 
line method; the only change was in the actual manner of obtaining the 
data since all relations between measured quantities, k and tan 5, were the 
same in the two cases. The short-circuited-line method, in turn, was 
seen to be closely related to the transmission procedures with which the 
present discussion was begun; as far as principles are concerned, the 
equivalence was established on both intuitive and mathematical grounds, 
the chief difference again consisting in the method of obtaining the data. 
Moreover, the two transmission methods, free space and waveguide, 
are evidently equivalent to each other in all essentials; and, with the 
exception as before of measurement technique, they are likewise equiva- 
lent to the standard interferometer methods of physical optics. If the 
relatively unimportant procedures discussed in Secs. 10*12 to 10*14 are 
omitted the methods hitherto considered may be regarded as forming a 
sort of sequence: from the familiar technique of optics to its microwave 
analogue, transmission in waveguide or free space; from this to the short- 
circuited-line method, where the ^transmitted and incident waves are 
compared on the generator side, rather than on the load side, of the 
sample; and from the short-circuited-line method to the modified pro- 
cedure last described. 

10*21. Resonant-cavity Methods. — This modified procedure, which 
requires a high mismatch on both sides of the sample, permits continua- 
tion of the sequence mentioned, making a simple and natural transition 
from the elementary methods first discussed to the apparently more 
difficult ones forming the topic of this section. 

Methods Included in Preceding , — In the resonant-cavity method of 
Fig. 10* 52a the plunger position is adjusted for resonance with and 
without the sample; the change in position gives /c, essentially, and 
tan h is found from the change in resonant current (cf. Eq. (94)) or from 
the width of the resonance curve (cf. Eq. (92)). This procedure, dis- 
cussed at length in Ref. 18f>, is evidently equivalent to that of Fig. 10*46a; 
the only change is to introduce the generator power by a second probe or 
coupling loop rather than by the transmission of the plunger. The 
entire discussion of Sec. 10*19 is therefore valid almost word for word 



DIELECTRIC CONSTANTS 


[Sec. 10-21 


Micrometer head 


Dielectric 
under test 


Detector 

probe 




Micrometer plunger 


^ Micrometer 
\ adjustment 


r Locking nut 


Dielectric sample 


Resonator i 





Center conductor - 


Fio. 10*62. — Resonant-cavity methods. In (c) a second coupling loop, not shown, is placed 
90® from the first. The resonator may have an open end, as shown, or may be closed . 
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in the present case, and Eqs. (71) and (72) again give k and tan 5 (Ref. 
186), whenever terms of the order of tan^ b may be neglected. The 
same remarks apply to the method of Fig. 10-526 developed in Ref. 13a; 
and because of the complete equivalence to what has gone before it is 
unnecessary to present more than the most cursory discussion of either 
method. It is observed, however, that these methods are superior to 
the former insofar as the equipment is considerably easier to construct. 
Instead of a traveling probe, for example, there is a simple coupling 
loop; and the sliding plunger, which need not be adjusted to have a 
constant nonzero transmission, may have a reflection coefficient of unity. 
For this reason the plunger is more easily designed and its reflection more 
easily maintained constant. There is, on the other hand, some slight 
disadvantage in that the received power is not usually the maximum 
possible. Thus, neither the penetration of the coupling loops nor their 
position is adjustable, and, since the position of the minimum will 
depend on the sample, it is clear that the two loops will not generally 
be on an antinode. Moreover, when the loops are near a node, 
an increase in coupling, which is then permissible, cannot be obtained. 
In other words, the coupling coefficient must be sufficiently small to 
permit operation at an antinode even when the loops are actually located 
near the minimum. In the previous method no such difficulty was found, 
and there was also a possible advantage in that only one source of 
extraneous reflection (the probe) was required, rather than two. 

Difficulty due to variation of the minimum position may be obviated, 
in principle, by using two traveling probes in place of the coupling loops 
of Fig. 10- 52a. A better method, however, is that suggested in Fig. 
10*52c (Refs. 116, 126, 156, 166, 176, 12c, 18c) where the two loops are 
located at the short circuit and hence are always at a node. The length 
of the line is changed, but the distance from the sample to one end 
remains constant. Whether this constant distance happens to be meas- 
ured to the generator end or the load end is unimportant in this discus- 
sion, for in either case the opposite end of the line may be replaced by a 
short circuit shifted a distance zero or X^/4 according to whether this 
opposite end was itself a short or open circuit. The method is thus 
seen again to be equivalent to that of Sec. 11*19; if the fixed distance 
from the sample to the end of the line is represented by 0 or X/4 plus the 
distance D of Fig. 10*31a, as shown in Fig. 10-52c, then the whole of the 
foregoing theory applies without approximation to the present case. 
It is observed in passing that the methods of Fig. 10*52 may be used 
with variable frequency rather than variable length — a remark which 
applies to almost all the methods here considered. In principle, the 
free-space wavelength X is adjusted for resonance with and without the 
sample. At the same time the resonant current or the width at half 
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maximum is noted. For the empty guide of resonant length nX»/2 the 
width Aly when the length I is variable, is related to that found when X is 
variable by the approximate equation (Ref. 12a) 

Al for half power = X AX h^if power. (98) 

This is seen by differentiating the relation of Table lOT for waveguide 
in terms of free-space wavelength. In a similar manner the change 
A\g in guide wavelength needed to restore resonance after insertion of 
the sample is related to the change in length Al by 

(AZ) = - (99) 


where Al is measured at the wavelength that gave re.sonance when 
the sample was in place, and n, as before, represents the number of 
antinodes in the resonating empty guide. This last equation is valid 



Fio. 10»53a. — A resonant-cavity method using cylindrical sainplcH and variable frequency. 

Ref. 9a. 


without approximation, whereas Eq. (98) is to be used only when terms 
containing the square of the width may be neglected — a situation which 
is, as will be shown, the only one that should be allowed to occur. Equa- 
tion (98) may be regarded as correct, to a first approximation, when 
the sample is in place, although a rigorous treatment is made difficult 
by the fact that the total electrical length, which is involved in the 
constant n of the equation, then depends in a complicated way on the 
frequency. The maximum power, however, is the same for variable 
frequency as for variable length (cf. Ref. 12a); hence Eq. (94) may be 
used without change in either case. The merit of using a variable fre- 
quency will be commented upon; it is sufficient to note that the foregoing 
results may be used in this case also, provided that the resonant width is 
suitably determined, the equivalent change in length is computed from 
Eq. (99), and the parameter X in all equations is taken as eciual to 
its value for resonance when the sample is in place. 
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A Method Not Included , — The summary dismissal of the resonant- 
cavity methods shown in Fig. 10*52 was possible because of their close 
similarity to procedures already discussed. In the method of Fig. 10*53 
it is found that the general form 
cannot readily be subsumed in this 
way; there is, however, a special 
case that has considerable practical 
importance and is at the same time 
amenable to treatment by the ele- 
mentary methods hitherto em- 
ployed. This special case, which 
forms a convenient introduction to 
the general method, is found when 
the resonator is entirely filled with 
the material being tested so that, 
with the notatipn of Fig. 10*53, 

D = Do. Although its attainment 
with solid samples is somewhat inconvenient, such a condition is easily 
obtained in practice whenever the sample happens to be in liquid or gas- 
eous form. With all air-dielectric boundaries perpendicular to the axis 
of the system, this special configuration is now included among those 



Fio. 10*636. — Example of resonance 
curves, received power vs. X, for the empty 
cavity (triangles) and for the cavity con- 
taining a dielectric sample (circles). The 
points are experimental, the curves theo- 
retical fitted at the half-maximum points. 



D ^ diameter of sample 
Dq ““ diameter of resonator 


Fiu. I0*53c. — h^xperimental verification 
of Eq. (105u) for two dielectric materials. 
The points are experimental and the curves 
are calculated from Eq. (105a). 
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I'lo. 10*53d. — Experimental verification 
of Eq. (1056) for three materials. The 
theoretical ctirves are determined from the 
best experimental value of tan 6 . 


hitherto treated; and the condition for resonance is thus seen to be (cf. 
Ref. 12a) 


(length of resonator) 



(wavelength in material in guide), 


( 100 ) 
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whence is obtained 



( 101 ) 

( 102 ) 


for the dielectric constant k in terms of the resonant (free-space) wave- 
lengths X, Xo, with or without the sample, and the ratio m/n of the number 
of antinodes in the filled or empty guide. The normal situation is 
represented by the case m = n, for which the equation takes the simple 
form Eq. (102) given in Refs. 10a, 106, 176. Equations (101), (102) are 
valid only for negligible tan^ 3; the general result is obtained by sub- 
stituting an appropriate value for guide wavelength in Eq. (100), as 
computed from Eq. (12) and Table 101. It must be noted, however, 
that Eq. (100) itself ceases to be valid for very lossy samples; the condi- 
tion of resonance, as determined by maximum power, gives a length 
somewhat smaller than the length there indicated. 

For the loss tangent (Refs. 106, 136, 146, 176),. 


tan 5 = 


X 



(103) 


where the first term stands for the width of the resonance curve at half 
power divided by the resonance wavelength for the actual sample (Fig. 
10*396), while the second is the corresponding quantity for a hypothetical 
sample with the same dielectric constant but zero loss. With negligible 
tan^ 5 this second quantity is equal to the corresponding result for the 
empty resonator multiplied by \/fc (Ref. 176). Instead of taking the 
width of the resonance curve, the following relation (Ref. 10a) may 
sometimes be used. 


Width for first sample _ power at resonance for second 
Width for second ^ power at resonance for first * ^ 

This equation gives the ratio of widths in terms of the received power at 
resonance. Besides requiring use of a monitor, the procedure has the 
disadvantage of being relative only, with the result that one of the widths 
must be directly measured in any case. After such a determination is 
made, however, the evaluation of the other is sometimes facilitated. 

The foregoing discu.ssion has been devoted to the special case for 
which the sample entirely fills the resonating chamber, and the rela- 
tions obtained were both convenient and elementary. In the general 
situation of Fig. 10*53a, on the other hand, the corresponding results 
become considerably more complex than any hitherto encountered. Not 
only are the equations for both k and tan 6 transcendental even when 
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tan^ 5=0 (see Refs. 146, 196, 206), but they involve too many parameters 
to be readily solved by graphical methods. Moreover, the functions 
themselves are not elementary; instead of the exponential or circular 
functions that have hitherto sufficed in all cases, Bessel functions must be 
used. These difficulties, noted when tan^ 8 is set equal to zero, are natur- 
ally enhanced when a truly general computation is attempted; for not only 
will the eejuations be transcendental involving functions which are 
not elementary, but the arguments of these functions will be complex 
as well. It is clear, then, that any theoretical investigation aiming at 
completeness will necessarily be somewhat involved. Before embarking 
on such an enterprise, it is perhaps w^orth while to consider the experi- 
mental conditions imposed on the method in question. Thus, with some 
of the transmission procedures considered above it was found that the 
quantity ^ should be small for experimental convenience. Hence 

the theory could justifiably be confined to the simple relations obtained 
when this condition is satisfied. A similar approach is found valid 
for the present method too, in that the general situation is somewhat 
impracticable from an experimental standpoint irrespective of its theo- 
retical difficulty. Before extending the theory, therefore, the question of 
experimental procedures is to be considered. 

In the first place it is noted that variation of frequency presents con- 
siderable difficulty when the range of variation is large. With the 
microwave generators available at present a change of much over twenty 
per cent is hardly feasible, and for convenience the figure should be con- 
siderably less than this. Even the small variation required to measure 
the width presents certain problems, in that due care must be taken to 
ensure constant output of the generator and constant sensitivity of the 
receiving ecpiipment, or of the monitor if one is used, over this range. 
There is, moreover, a theoretical objection in that both k and tan 8 
depend on frequency, although this objection is somewhat academic in 
ordinary practice (cf. Ref. 9a). A more serious problem occurs, however, 
when the empty resonator rather than the filled is considered, for the 
frequency shift so required will, in general, be far beyond the capacity 
of most microwave generators to achieve, apart from incidental difficulty 
due to frequency sensitivity of the r-f components. To obviate this 
difficulty the resonant wavelength for the empty guide may be computed, 
instead of measured, easily and accurately from Eq. (100) whenever the 
resonator length is known. This length is so chosen that resonance is 
obtained, with the sample in place, at a frequency that is within the range 
of the generator and that is also sufficiently close to the frequency at 
which the values of k and tan 5 are desired. In this way the measure- 
ment of k is carried out with but slight change of frequency, even when 
the difference as given by Eq. (102) is large. Such a procedure, which 
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was used with success in Refs. 106 and 146, requires knowledge of the 
approximate value of k and demands that the resonator length be 
adjusted accordingly, since different lengths are necessary for different 
samples. 

The foregoing limitations were concerned chiefly with the dielectric 
constant, as it is this parameter rather than loss that is primarily deter- 
mined from the frequency shift [cf. Secs. 10-3 to 10*6 and Eq. (102)]. 
For measurement of tan 5, however, another difficulty is encountered in 
that Eq. (103) presupposes knowledge of the width for a hypothetical 
sample with the same dielectric constant as that of the original sample, 
but of zero loss. Of course, no such sample can be actually produced 
and measured, and the question must be considered in more detail. 
Theoretically this hypothetical loss may be computed from the dimen- 
sions of the resonator and the conductivity (or more particularly, the 
so-called ^‘skin depth’’) of the walls (Refs. 106, 136, and 146), but such a 
computation neglects all extraneous losses, including those from the 
junctions and coupling loops. For this reason it is found that the values 
computed differ perhaps by a factor of two from the ones actually 
measured (Refs. 106 and 146). In Ref. 146 it was assumed, therefore, 
that the ratio of computed to measured width would be the same for 
the empty cavity as for the cavity filled with the hypothetical lossless 
dielectric; but, as was there observed, no proof has been obtained, nor is 
it to be supposed that such a procedure is of general validity. Even 
if it be permissible, however, there is still difficulty because the determina- 
tion of width for the empty cavity itself must be made at a frequency 
that is too far from that with the sample to be readily attained in practice. 
To obviate this added difficulty a new and larger cavity that will resonate 
at a convenient wavelength when empty, may be constructed and from 
measurement on this new cavity the width that would have been obtained 
for the original one can be estimated. Although such a procedure has 
been actually used (Refs. 106 and 146), the inconvenience as a matter 
of general practice is evident. 

From this discussion, much of which applies to all methods using 
a variable wavelength, it is seen that considerable experimental difficulty 
is often to be anticipated in the method of Fig. 10*53; and although such 
difficulty can be circumvented by various devices, these devices are suffi- 
ciently inconvenient to be of but limited utility. Instead of seeking a 
general theory, therefore, the problem is to find the particular circum- 
stances in which the method appears to best practical advantage. Once 
this has been decided, the special theory appropriate to that case may 
be exhibited in simple form. The complications noted consisted chiefly 
in the large frequency change for proceeding from the filled to the empty 
guide, and in the difficulty of computing a sort of ^‘comparison loss’’ 
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corresponding to the empty-guide loss. Both diflBculties would be 
obviated if, and apparently only if, the character of the resonator were 
not appreciably changed by insertion of the sample. In other words, 
the resonant wavelength should remain nearly the same, and the loss 
when empty should be nearly the same as the loss when filled by a 
lossless sample of the same dielectric constant. These conditions are 
met whenever fc « 1; in particular for a gas the method is most con- 
venient and was used for such measurement in Refs. 10a and 12a. The 
length rather than the frequency, however, is varied in Ref. 12a. After 
it was verified that no undue absorption was to be anticipated from dry 
air at the frequency used, the width for the empty resonator was taken 
as equal to the value for the air-filled resonator, and this value was 
substituted for the second term of Eq. (103). Because of the low 
dielectric constant, such a procedure was entirely justified in that case. 
The remainder of the measurement too could be carried out with ease, 
since all frequency shifts were very small; and k was readily computed 
from Eq. (102). In Ref. 12a the accuracy was increased by use of a large 
cavity, and due precautions were taken to prevent oscillation at unw anted 
modes (cf. Ref. 136). The method is in many respects the best for meas- 
urement of gases; not only is the cavity airtight whenever the coupling 
loops are suitably sealed off, but also the method allows accuracies that 
are scarcely attainable by other procedures. The pow’er requirement is 
not excessive, and the equipment itself, which requires no moving 
plunger, is perhaps as simple as any hitherto discussed. 

It is not necessary to use materials of low dielectric constant; a 
sample of such small diameter may be used that the resonant frequency 
is only slightly affected. There is, to be sure, a limit to the reduction 
that is permissible in good practice, since both the frequency shift and 
the rod diameter must be known within a small percentage error, rather 
than a small absolute error, if accurate results are to be obtained; for 
diameters D « 0.05Do this effect is still of secondary importance w^hen 
the sample is accurately machined. For a TM-waxe the general equation 
takes the simple form (Refs. 9a and 146) 

fc « 1 + 0.538 D«Do, ( 105a) 

tanf.0.2G9(^y(^-^). (lOK.) 

Equations (105) indicate that the effect of the sample is proportional 
to its volume (see Fig. 10-53c). Because of the similarity to the equations 
previously discussed, the sources of experimental error need not be further 
investigated. 
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10«22. Summary. Methods Tabuleited . — The great variety of experi- 
mental methods, which has been so often observed in the discussion, 
suggests that a brief summary will be of use, and such a summary is 
accordingly presented in Table 10-5. The descriptions given, which are 
suggestive only, are intended to aid recollection and are in no sense an 
adequate presentation of the method described. Because the emphasis 
has been on measurement procedure, a fine subdivision in Table 10*5 is 
used, despite the theoretical homogeneity. Thus, two methods are 
classified separately when they differ appreciably in experimental 
technique, even though they may be, in principle, entirely equivalent. 

Consistency of Results . — Before the subject of dielectric measurement 
can be dropped, the order of accuracy that may be expected in typical 


o 



Method number ' 

Fio. 10*64. — Comparison of values as measured by various methods. Horizontal line shows 
average value of k or tan 6 for a given sample, vertical line shows estimated error. 
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Table 10 - 6 . — Summary of Methods 


Quan- 
tity de- 
Method termined 
number when 
loss is 
low 


Equipment 


Moasurcnient from transmission in guide 


Set phase shifter 
for minimum with 
and without sam- 
ple. 


Attenuator- 


' Phase shifter 


tan 6 Take receiver read- p— — — — — — 

ing with and with- Gen 

out sample using 

tapered, n\a/2 or 
high-loss sample, 


tan 5 Take max. and min. 

with each probe, 
sample as in No. 2. 



10-4. 
10-5, 17 
lO'C. 7 


tan 6 Take max. and min. 

power as i)ha8e 
shifter Ls varied, 
sample as in No. 2. 


Same as No. 1 


10-4. 
I lO-o, 
i 100 


Set calibrated at- 
tenuator to mini- 
mize the minimum 
with anil without 
8ami)le, sample as 
in No. 2. 

Meosiiro rate of 
temperature ruie j 
with power on. fall i 
with power off. 


Same as No. 1 


Outlet 

Calorimeter^ 

P'7771 1 1 

Water inlet 

^Sample 

LJ 

Match 


Measurement from transmission in free space 


k Adjust micrometer 
for minimum w'ith 
and without sam- 
ple. 


Sample [ 



Micrometer I 


10-7, 6 

10-8 7 


Attenuator 
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Table 10-6. — Summary of Methods. — {Continued) 


Equipment 


Same as No. 7 


Quan> 
tity de- 
termined 
when 
loss is 
low 

Procedure 

k 

Adjust angle of in- 
cidence for mini- 
mum on each side 
of - 0. 

tan « 

Take receiver read- 
ing with and with- 
out half-wave- 
length or lossy 
sample. 

tan a 

Same, ordinary 
sample at Brew- 
ster’s angle. 


Gen 

o 4 




—I 10-7 14 

Rec 10-8 


k, tan 6 

Measure interface 
reflection and 
phase .shift with a 
traveling probe. 

k 

Compare (SWR)* 
for sample and 
metal sheet. Sam- 
ple should be an 
interface, or a 
quarter wave- 
length thick. 

k 

Compare reflected 
with directly re- 
cei ved power. 
Sample as in No. 
12 

k 

Compare received 
power from sam- 
ple and metal 
sheet in same posi- 
tion. Sample as 
in No. 12 

tan S 

Adjust antenna po- 
sition for mini- 
mum with sample 
and metal sheet in 
same position. 


Same as No. 9 


General rnethmls depending on reflection 
iterface | | Probe 


Taper if necessary^ 
Matched to space 


1012 ! 8 ; 

111 ; 


10- 13 I 7 
20 



1013 114 
121 


Same as No. 13 


1013 14 
20 
7 


Sample- 


Micrometer^ 
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Table 10 - 5 . — Summary op Methods. — (Contintied) 


Quan- 
tity de- 

Method termined ^ , 

. . Procedure 

number when 

lose is 

low 

16 k Measure reflection 

of a sheet, prefer- 
ably a quarter 
wavelength thick. 

17 k Take thickness for 

minimum reflec- 
tion. 

18 k Take maximum re- 

flection of two or 
more samples. 


Equipment 


Same as No. 11 


Same as No. 11 


Same as No. 11 


Dis- References 
cussed 


section a 6 c 


19 A:, tan 6 Measure reflection ( Probe 

ami minimum po- Qen 

sition for tw’o sarn- /""'N 

pie lengths. 


10 14 6 21 


10- 14 i 8 


Tapered sample 

I 

Short circuit 


k, tun 5 

1 

1 

Mea.sure distance | 
between minima, j 
and take width at ; 
twice minimum, ; 
probe being in 
sample. 

k 

Take distance be- j 
tween minima, as ; 
sample moves past 
side arm. 

k 

1 

Take diflferenco of 
sample positions 
for resonance 


General methods <leiH‘nding on reflection 


Slotted sample 

Short circuit 


Side arm 
to crystal 


Micrometer 
<ZZ1 

Short circuit 


1015 16 
6 


Tapered sample-^ 

Rod-shaped □ Micrometer 
sample-"^ 

) —ill 

Mercury well A 


2.3 tan a Take ratio of max. ^ 

to min. power in % 
each side arm ns 
plunger is moved. GCH 


Tapered sample 


Side arms 
to crystals 


Movable short circuit ' 
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Table 10-5. — Summary op Methods. — {Continued) 


Quan- 
tity d©- 
Method termined 
number when 
lorn is 
low 


k, tan 6 

Measure minimum 
position and width 
at twice minimum 
with and without 
sample. 

k, tan i 

Take plunger posi- 
tion for maximum 
and width of curve 
at half-maximum, 
or maximum pow- 
er, with and with- 
out sample. 


Equipment 

The short-circuitert-line met hod 


Dis- References 
cussed 


1017 ]19 26 2 1 


Sa mple 

Short circuir 



Probe 


TT Micrometer i 

Sample^ 

V7/7\ 

(J \ *— 

Gen Movable 

^ 

Short 

reflector 

circuit 


Resonant-cavity methods 


k, tnn S 

Same as No. 25 

k, tan i 

Same as No. 25 

k, tan 8 

Adjust line length f 
for resonance with 
and without sam- 
ple. Take wridth ♦ 
or max. power. 

L 

k, tan 8 

Same as No. 28 

k, tan 8 

Same, frequency r 
varied instead of 
length. 


Gen 

O 

Short circuit - 


iDT' 



-Micrometer 


\ GenU-1 




RecO~ 


i 



Sample moves with 
center conductor 


-Micrometer 


\ Gen(^ 

P 



ReeOJ 





■Fixed sample 


Rod-shaped 
sample — ' 

Gen 


10-21 

12 19 

10-21 

13 

- 10.21 

16 


17 


15 


11 


12 

" 10.21 

16 12 


17 18 


18 

-n 10.21 

9 14 13 


10 10 9 










Sec. 10-22] 


SUMMARY 


671 


Table 10-6. — Comparison op Methods with Regard to Internal Consistency 

FOR Measurement of k 


Method 

number 

X 

cm 

Param- 

eter 

varied 

Number 
of meas- 
uremciits 

Greatest 

value 

obtained 

Jjeast 

value 

obtained 

Average 
devia- 
tion for 
all values 

Material 

used 

From 

Ref. 

1 

1.25 

Sample 

thickness 

10 

2.65 

1 

2.59 

0.02 

Plexiglas 

6a 

7 

1.25 

Sample 

thickness 

4 

2.65 

2.64 

0.00 

Plexiglas 

6a 

7 

1.25 

Sample 

thickness 

2 

2.54 

2.53 

0.00 

Polysty- 

rene 

6a 

7 

1.25 

Sample 

thickness 

3 

3.47 

3.41 

0.02 

Dielec tene 

6a 

8 

1.25 

Angle of 
incidence 

8 

2.659 

2.648 

0.002 

Plexiglas 

6a 

8 

1.25 

Angle of 
incidence 

9 

2.550 

2.542 

0.002 

Polysty- 

rene 

6a 

8 

1.25 

Angle of 
incidence 

3 

3.41 

3.40 

0.00 

Dielec tene 

6a 

8 

1.25 

Angle of 
incidence 

13 1 

3.456 

} 

3.441 

0.003 

Dielectene 

6a 

12 

9.1 

Antenna 

size 

5 

2.72 

i 

2.63 

1 0.03 

Plexiglas 

7a 

21 

1.25 


1 

4 

2.65 

2.59 

0.02 

Plexiglas 

6a 

21 

1.25 


2 

2.50 

2.50 

0.00 

Polysty- 

rene 

6a 

22 

1.25 


4 

2.66 

2.64 

0.01 

Plexiglas 

6a 

22 

1.25 


2 

2.53 

2.53 

0.00 

Polysty- 

rene 

6a 

24 

1.25 

i 

Sample 

thickness 

14 

2.68 

2.64 

0.02 

Plexiglas 

6a 

25 

1 .25 

Sample 

thickness 

2 

2.65 

2.64 

0.01 

Plexiglas 

6a 

25 

1.25 

Sample 

thickness 

5 

2.66 

2.65 

0.01 

Plexiglas 

6a 

25 

1.25 

Sample 

thickness 

6 

2.67 

2.65 

0.01 

Plexiglas 

6a 

25 

1.25 

Sample 

thickness 

5 

2.53 

2.52 

0.00 

Polysty- 1 
rene 

6a 

25 

1.25 

Sample 

thickness 

6 

3.45 

3.42 

0.01 

Dielectene 

6a 
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circumstances is to be considered. A precise investigation of this ques- 
tion presents considerable difficulty in that the accuracy of a given method 
depends on the nature of the sample. Thus, a method that is suitable 
for thick samples may be inaccurate for thin ones, and a method satis- 
factory for high loss may be almost useless when the loss is low. Added 
to the theoretical complication is the fact that experimental precision 
depends on the care with which the measurement is conducted. It is 
therefore clear at the outset that results only of the most qualitative 
kind will be presented. Because of the novelty of microwave procedures, 
however, it is believed that even such results have a certain value, in that 
they prevent serious misconceptions. With these preliminaries, it is 
noted that error appears in two forms: the results obtained with a given 
method disagree among themselves, to some extent, as the conditions are 
varied; on the other hand, the average results obtained for different 
methods are not exactly equal to each other. The error of the first type, 
which is concerned with reproducibility of the results in a given method, 
is illustrated in Table 10*G, where the variation of values is noted as 
various parameters are changed. The second 'error is considered in 
Fig. 10-54 where values as measured by the different* techniques sum- 
marized in Table 10-5 are compared. The results for methods 21 and 22 
w'ere obtained with different samples from that used in the others and 
hence the agreement, or lack of it, has only doubtful significance. The 
materials used, plexiglas and more especially polystyrene, are known to 
be fairly uniform; but the evidence of this uniformity depends in no 
small measure on data of the type shown in Fig. 10-54, and it cannot 
validly be urged in the present case. With this reservation, however, 
the agreement is within the experimental error as estimated from Table 
10-6 and from a priori considerations. Because of the lack of extensive 
data on tan 5 with uniform samples, no result such as that of Table 10-6 
or Fig. 10-54 is presented for loss. It is observed, however, that typical 
values for error would be perhaps ±5 per cent or ±0.0001, whichever is 
the larger. In exceptional -cases, accuracies as great as ±0.00001 may 
be achieved, although the techniques then become somewhat exacting. 
The accuracy with which k can be measured is of the order of ±2 per 
cent to ±0.2 per cent in typical cases, w here only a high grade of engi- 
neering precision in the design and operation of the equipment is assumed. 
With the refinements that are to be expected in research work, this 
accuracy can no doubt be greatly exceeded. 
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CHAPTER 11 


MICROWAVE ATTENUATORS. CUTOFF ATTENUATORS 

By Rudolph N. Griesheimer 

Microwave attenuators fall naturally into two groups which differ 
in the means by which the power is attenuated. The first group utilizes 
a waveguide operated at a frequency which is below the cutoff frequency 
characteristic of the size and shape of the waveguide. Electromagnetic 
fields excited at one end of the waveguide couple weakly to a receiving 
element at the other end of the waveguide, the amount of coupling 
depending on the length and size of the waveguide. This technique is 
particularly suitable for application in the microwave region, although 
it has been employed at frequencies as low as a few megacycles per 
second. In the second group of attenuators, power is absorbed in poorly 
conducting materials and transformed into heat as in a resistor used 
at low frequencies. In this chapter, cutoff attenuators are discussed. 
In the following chapter, resistive attenuators that are suitable for 
microwaves are described. In Chap. 13 the techniques by which attenu- 
ation may be measured are presented. 

INTRODUCTION 

ll-l. Definitions of Attenuation. — The concept of attenuation is that 
of a reduction in the amplitude and a change in the phase of the voltage 
or current at the load impedance caused by the introduction of some 
circuit element, the attenuator, between the generator and the load. 
In most microwave transmission-line problems one is interested only 
in the amplitude reduction effected by the attenuator and can disregard 
the accompanying phase shift. On the other hand, when the attenuator 
causes no amplitude change but only a phase shift, it serves as a dis- 
sipationless “line stretcher.” 

Although the concept of attenuation is direct and elementary, there 
exists considerable confusion with regard to whaf constitutes a proper, 
quantitative definition of attenuation. Various authors have defined 
such quantities as insertion loss, transmission loss, attenuation, attenua- 
tion factor, attenuation constant, complex attenuation constant, transfer 
constant — all of which are rooted in the fundamental concept of an ampli- 
tude reduction and a phase shift of the wave. It is, therefore, necessary 
to establish the definitions and concepts on which subsequent discussion 
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within this chapter will be based. Despite the fact that microwave 
transmission is commonly discussed in terms of distributed-parameter 
transmission lines, it is sometimes advantageous to revert to concepts 
familiar in the lower frequency ranges, and to treat a relatively short, 
high-loss length of microwave transmission line as a dissipative, two- 
terminal-pair network. The term ‘ ^attenuator’ ^ as used below may be 
considered to apply equally well to a distributed-parameter line or to a 
lumped-constant, dissipative, two-terminal-pair network. 

The first quantity to be defined is insertion loss. If a generator of 
arbitrary impedance delivers an amount of power Pi to a load of arbitrary 
impedance, and if the power to this same load is reduced from Pi to P2 
when the attenuator is inserted in the line, the insertion loss L in decibels 
is given by 

L = 10 log.o ( 1 ) 

As so defined, insertion loss is not a quantity exclusively characteristic 
of the attenuator and will depend on the generator and load impedances. 
If the generator and load impedances are not equal, the insertion loss 
of the attenuator will, in general, be different, depending on which 
terminal-pair of the attenuator is considered as the input pair. If 
we further specify that the attenuator is to be installed in a transmission 
line of known, real characteristic impedance, which is terminated at both 
the generator and load ends in matched impedances, then we have a 
specific quantity which is characteristic of the attenuator. Insertion 
loss with these additional specifications will be defined as the attenua- 
tion A. 

An equivalent way to define attenuation is 

^ = 10 logio ( 2 ) 

where Pi is the maximum available power from the generator, and P2 
is the power delivered to a matched terminal load, with the attenuator 
inserted. Such a definition does not preclude the possibility of having 
the matched generator in a line of one characteristic impedance and the 
matched load in a line of different characteristic impedance. The 
equation can then specify, for example, the attenuation of a dissipative 
adaptor from waveguide to coaxial line. 

There are several facts implicit in this definition of attenuation 
which deserve careful comment. It is important to note that a trans- 
mission-line element may produce attenuation, yet have no internal 
dissipation of power. For example, a dissipationless metal obstruction 
placed in a transmission line will cause a change in the power delivered 
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from generator to load. If the generator or load is not matched, this 
change can be such as to either increase or decrease the power to the 
load so that insertion loss L may be either a positive or negative quantity. 
However, the attenuation A of the metal obstruction can only be positive 
since a matched generator delivers maximum power to a matched load. 
In terms of waves traveling along the transmission line, it can be said that 
the metal obstruction introduces a reflected wave in the line, thereby 
reducing the amplitude of the wave which continues in the direction 
of the load. We shall speak of such attenuatioii as reflective attenuation 
in contrast to dissipative attenuation. Often the attenuator is mismatched 



Fio. 11*1. — Four-terminal network. Fia. 11*2. — Example of attenuator network. 

to the line, and may have different input impedances at the two pairs of 
terminals, that is, it is unsymmetrical. In such a case the attenuation 
it introduces is in part dissipative and in part reflective. 

A rather common definition of attenuation is given by the expression 

> 1 / _ Re(Fi/*) 

A - 10 logio (3) 

where Fi, F 2 , /i, and 1 2 are indicated on Fig. 11 1. Attenuation defined 
in this way is wholly dissipative as contrasted to our chosen definition of A 
which has both dissipative and reflective components. A simple example 
will serve to demonstrate this important difference. Consider the 
network shown in Fig. 11-2. The input impedance at terminal (1) is 
2^0, and the input power is f E'^IZq, The output power is 
and the attenuation given by Eq. (3) is 

A' = lOlogioS = 9.03 db. 

Using our chosen definition of A, Eq. (2), we have 
A = 10 logio 9 = 9.54 db. 

The reflective component of attenuation is therefore 9.54 — 9.03 = 0.51 
db. The reflective component can be calculated alternatively from 
the voltage standing-wave ratio r in the line connecting the matched 
generator and the attenuator. Here r = 2. The power drawn from the 
generator will be 
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of that' which would be delivered to a matched load. The reflective 
component of attenuation is therefore equal to 

10 logic I = 0.51 db. 

In a distributed-parameter transmission line there is defined a 
quantity y which is called the propagation constant or complex attenua- 
tion constant Of the line. The amplitude of the voltage wave is propor- 
tional to where z is measured along the line and 

y = a+jfi, |9 = ^- 


The real part a is called the attenuation constant of the line and is measured 
in nepers per unit length of line. The imaginary part is called the 
wavelength constant and is a measure of the phase shift along the line. 
It is expressed in radians per unit length of line. The attenuation con- 
stant is a measure of the dissipative attenuation per unit length of line, 
and is a quantity which is a function solely of the dissipative line. 

The attenuation constant is not to be confused with, the quantity we 
have chosen to define as attenuation. Both quantities are commonly 
used in the province of microwaves, and each has its place of importance. 
A dissipative line is often used as an attenuator. If a is small, the 
characteristic impedance of the dissipative line has only a small reactive 
component. If the resistive component of the characteristic impedance 
is nearly equal to the characteristic impedance of the line in which it is 
to be used as an attenuator, the reflective component of attenuation is 
then small. The attenuation is closely equivalent to the product of the 
attenuation constant and electrical line length of the attenuator. Cables 
and other relatively long lines with a low attenuation constant are 
commonly characterized by a value of the attenuation constant. This 
is often expressed in decibels per meter. 

11*2. General Design Considerations. — One of the important requi- 
sites of a good attenuator is ‘that the input impedance at both terminals 
shall be matched to the characteristic impedance of the transmission line 
in which it is to be used. It is not possible to match an attenuator per- 
fectly over a band of frequencies, although it is relatively simple to 
accomplish this at any specific frequency through the use of reactive 
tuning elements. However, it is not uncommon to require that an 
attenuator be well matched over a band of frequencies, for example, 
that it have a voltage standing-wave ratio of less than 1.20. For the 
purposes of this chapter we shall speak either of a perfectly matched 
attenuator, that is, VSWR equal to unity within the limits of experi- 
mental error, or of an attenuator which is matched to a VSWR of 1.10, 
or less, over the band in question. 
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. Our definitions of insertion loss and attenuation have shown that 
regardless of which quantity we consider, the measured magnitude of 
the quantity will be influenced by the extent to which the attenuator 
has been matched to the transmission line. If, in calibrating an attenua- 
tor, one is very careful to match the generator and load to the trans- 
mission line, the attenuation can be measured with good accuracy. 
However, when the carefully calibrated attenuator is placed in the 
transmission line in which it is to be used, it is often difficult to provide 
an equally well-matched generator and load, partcularly over a broad 
band. It therefore follows that calibration of the attenuator is no longer 
meaningful since the reduction in power received by the load is directly 
related to the insertion loss of the attenuator, and not to the quantity 
we have defined and measured as its attenuation. One calibrates the 
attenuator in terms of attenuation, and attempts when using it to meet 
the conditions of matched generator and matched load as closely as 
possible. Recognizing that one cannot meet these conditions exactly, 
the next best procedure is to minimize the mismatch contributed by the 
attenuator itself. The better matched the attenuator, the less error 
can result from failure to match the generator and load perfectly. Also, 
this error will be less sensitive to small variations (with frequency, for 
example) of the generator and load impedances. Therein lies the 
importance of impedance matching of the attenuator. 

In a majority of cases the attenuator is used over a band of frequencies, 
and one must inquire into the frequency sensitivity of both its impedance 
match and its attenuation. When the utmost in accuracy is required, 
it is necessary to prepare a calibration curve showing the variation of 
attenuation with frequency. Hpwever, one is usually asked to design 
an attenuator which has an attenuation of X db, constant to ± T db 
over the band. In general, the quantity Y has three components: 
(1) the inherent calibration error, (2) the frequency sensitivity of attenua- 
tion, and (3) the error that can arise from having a mismatched generator 
and mismatched load in the line in which the attenuator is to be used. 
In evaluating this third error, one usually calculates the greatest possible 
error from the known characteristics of the attenuator and an assumed 
set of maximum values for the voltage standing-wave ratios of generator 
and load. It is obvious that for a given allowable value of T, the 
attenuator with greater frequency sensitivity of attenuation must be 
better matched. The problem of designing an attenuator with very 
small frequency sensitivity of attenuation is considerably more difficult 
(particularly for variable, resistive attenuators) than that of designing 
an attenuator matched over a broad band. The latter problem becomes 
serious only when dimensional limitations of the sort that preclude the 
use of long matching tapers are imposed. 



684 CUTOFF ATTENUATORS l&m. lU 

Another factor of importance in the design of many attenuators ig 
the maximum power capacity. Excessively high power levels can burn 
out an attenuator, or can change its calibration temporarily, or perma- 
nently. It is important to note that burnout may result either from 
arcing, when operating under pulsed-power conditions, or from the high 
temperatures associated with large average power. Consequently, it is 
essential in many cases to determine maximum values for both pulse 
and average power. Partial or complete burnout may lead to either 
increased or decreased attenuation. For example, a coaxial-line attenu- 
ator with a resistive center conductor will show increased attenuation for 
partial burnout, and nearly infinite attenuation for complete burnout. 
In contrast, a waveguide attenuator which uses a resistive film lying 
parallel to the narrow side of the guide will show decreased attenuation 
with partial burnout, and almost no attenuation with complete burnout. 
Some types of attenuators, particularly the resistive-film types, will 
change calibration with power level or temperature. Films with low 
temperature coeflScients of resistance are chosen to circumvent this 
difficulty. 

A practical consideration of occasional importance is the matter 
of deciding whether to use a single attenuator, or two in cascade. If the 
total attenuation required is as large as 70 or 80 db, it may be desirable 
to use a pair of attenuators. The sum of the calibration errors for two 
40-db attenuators may easily be less than the calibration error associated 
with a single 80-db attenuator. Further, it is sometimes possible to 
use two cascaded attenuators of opposite frequency sensitivity so that the 
resultant combination is more accurate over a wide band than is a single 
attenuator. 

Unfortunately, if there is a stringent restriction on the length of the 
attenuating element, the design problem, particularly for resistive-film 
attenuators, may become very difficult. Short lengths of film will 
necessarily have a high resistivity, and consequently a low power capacity. 
Further, so long as the r-f skin depth exceeds the film thickness, it is 
usually true that greater frequency sensitivity of attenuation and poorer 
matching result from decreasing the length of the attenuating element. 
The reasons for this will be made apparent in the subsequent discussion 
of specific attenuator designs. 

In the design of a variable attenuator there are additional considera- 
tions of importance. For example, the shape of the calibration curve 
(db vs. displacement) is very often of interest. In a majority of problems 
one is asked to provide an attenuator with an approximately linear 
calibration curve. In some instances it has been possible to meet this 
requirement by a proper choice of the shape and resistivity gradients of 
the attenuating element; more frequently, it is accomplished by mechani- 
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cal means such as proper shaping of the cam which drives the movable 
element. If one is interested in greater accuracy at small attenuation 
levels, the calibration curve should have a slope which increases with the 
attenuation level. On the other hand, the calibration curve for attenu- 
ators used in microwave impedance bridges (see Chap. 9) should have a 
slope which decreases with increasing attenuation. The design of the 
drive mechanism for a variable attenuator is an important factor, and 
it is usually necessary to take great precautions against backlash, mechan- 
ical play, wear on moving parts, and r-f leakage. 


CUTOFF ATTENUATORS 

11*3. Principles of Cutoff Attenuators. — One of the most common 
types of microwave attenuator is that which utilizes a waveguide beyond 
cutoff. It is well known that, for a given frequency of oscillation, one 
can reduce the dimensions of either circular or rectangular waveguide to a 
point where energy of this frequency can no longer be propagated in 
the waveguide. Below the cutoff frequency, the fields decay expo- 
nentially along the waveguide, and the phase is changed a negligible 
amount by losses in the walls. It is possible to excite fields in a wave- 
guide beyond cutoff in several ways, and to couple selectively to a mode 
of transmission whose attenuating characteristics can be calculated. 
For example, a simple means of constructing a cutoff attenuator is to 
terminate the inner conductor of a coaxial line by folding it back in a 
loop to the outer conductor. The 
outer conductor is continued as a 
length of waveguide beyond cutoff, 
and the receiving element consists* 
of a similar loop-terminated coax- 
ial line which slides in the cutoff — Simplest cutoff attenuator; 

tube. This construction is shown 

in Fig. 1T3. Circular waveguide is commonly used because simple 
mechanical arrangements can be provided to adjust the separation of the 
coupling elements. 

A cutoff attenuator may be designed for either a TM- or a TE-mode 
of transmission. In the TM-mode designs the coaxial lines are usually 
terminated in circular metal disks, the coupling between the two disks 
being capacitive. In TE-mode designs the coaxial lines are usually 
terminated by metal loops, and the coupling is inductive. 

In circular waveguide the cutoff wavelength (the free-space wave- 
length corresponding to the cutoff frequency) is given by 



Xc = 


2irr y/kt 

, 

^mn 


(4) 
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where r is the inside radius of the circular waveguide, Smn is a dimen- 
sionless quantity characteristic of the specific mode (see Table ll’l), 
and K is the relative dielectric constant of the medium filling the wave- 
guide. (fc, = 1 for free space.) 

Table 11-1. — Values of the Cutoff Parameter, in Eq. (4) 


TMtnn-modes 


3oi ** 2 . 405 

ioi * 6 . 520 

ios * 8 . 654 

8o4 * 11.79 

«U - 3.832 



«i4 13.32 

Sji * 6 . 136 

«22 * 8.42 

«28 » 11.62 

824 « 14.80 

ill “ 6.38 

8ti =» 9.76 

8»i « 13.02 

8*4 = 16.22 


TEmn-modea 

8oi 3.832 

802 * 7.016 

d 

II 

8,1 = 1.841 

8,2 “ 5 . 33 

8i8 =8.54 

821 3 . 05 

822 ‘=6.71 

82, = 9.97 

8ii « 4.20 

822 ^ 8.02 

S33 = 11.35 


In rectangular waveguide the cutoff wavelength for either the TEmn- 
or TM rnw-modes is given by 



where a and h are, respectively, the wide and narrow inside dimensions 
of the waveguide. In the T E-mode series, m and n have integral values 
and either m or n may be zero. In the TM-mode series m and n have 
integral values equal to or greater than unity. ^ 

When the frequency is varied from a value greater than the cutoff 
frequency to one less than the cutoff frequency, there is a continuous 
transition through the cut 9 ff point from a slightly attenuated sinusoidal 
field to a highly attenuated exponential field. Expressions for the 
attenuation of either the traveling wave or the highly attenuated field 
are simple. The expression for the attenuation in the case in which X 
is very slightly greater than X*. is rather complicated, and is seldom used. 
For X/Xc ^ 1.05, however, it is sufficiently accurate to write the following 
expression for the attenuation constant a 


a 



nepers per unit length. 


( 6 ) 


This equation is valid for TE~ or Tilf -modes, and for circular or rec- 


» In this numbering system the TEurmode is the dominant mode in rectangular 
waveguide. 
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tangular waveguide, if the proper value of Xc is used. Moreover, the 
value of a is independent of the material from which the waveguide is 
made if the material has a high conductivity. 

It is interesting to note from Eq. (6) that a increases rapidly with 
X for small values of X/Xc, but increases slowly with X as X/Xc becomes 
large. In order to reduce the frequency dependence of a, it is customary 
to select a tube diameter such that X/Xc is large over the range of wave- 
lengths in which the attenuator is to be used. For example, if the attenu- 
ator is to be used over a range of wavelengths from Xi to 1.5Xi, and if 
it is desired that a be constant to within one per cent over this wave- 
length range, then the tube diameter must be chosen so that 

Xc ^ O.lQXi. 

It is important to recognize that the dimensions of the waveguide 
must be known precisely if a is to be known with the accuracy cus- 
tomarily required. For example, for circular waveguide, 



Or, for Xc X 

da _ dr 
a ~ r 

Consequently, electroformed or carefully broached tubing is commonly 
used for these attenuators in order to avoid variations in a that may 
be caused by dimensional variations along the length of the tube. 

11 * 4 , Purity of Useful Mode. — The two major problems in the design 
of a cutoff attenuator are r-f impedance-matching of the antenna ele- 
ments and mode purity. The importance of impedance-matching in 
any type of attenuator has been discussed in Sec. 11-2. The problem 
of mode purity, however, is peculiar to the cutoff attenuator. 

One of the most attractive features of the cutoff attenuator is the 
fact that its attenuation constant can be predicted exactly by theory, 
and with certain limitations the attenuator may, therefore, be considered 
a primary standard. If only one mode exists in the cutoff tube, the 
attenuation constant is given exactly by Eq. (6), and is independent of 
the total attenuation. However, if more than one mode is excited in 
the cutoff tube, Eq. (6) is no longer sufficient to specify the attenuation 
constant. In this case a will vary with x, the separation of the antenna 
elements, and will approach a constant value only at large values of x. 
The variation of a with x is determined by the relative amplitudes and 
phases of the specific modes excited in the cutoff tube. Since the various 
modes have different values for a, their relative intensities vary with x. 
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As X increases, one mode after another decays into insignificance, until 
a becomes essentially independent of x when only the single mode with 
the smallest value of Smn remains. 

In most applications of cutoff attenuators it is desired to effect a 
known change in attenuation. Seldom is it necessary to know accurately 
the total attenuation introduced by the device. Consequently, greatest 
accuracy results from using the attenuator in the linear region — at large 
values of x where a is independent of x. Although it may not be neces- 
sary to know accurately the total attenuation under such circumstances, 

it is often desirable to keep it 
reasonably small. In order to ob- 
tain linearity in the calibration 
without having to accept ob- 
jectionably large values of total 
attenuation, it is necessary to 
design at least one of the anten- 
nas so that it excites a single mode, 
the mode with the smallest value 
of Smn* 

In Fig. 11*4 three quantities 
are indicated which are commonly 
used to characterize a cutoff at- 
tenuator. 

The quantity A i represents the minimum attenuation that is available 
from the cutoff attenuator. The attenuation is minimized by bringing 
the antenna elements into contact, but, in general, cannot be made zero. 
Discontinuities in the transmission line at the antennas account for some 
reflective attenuation, and the impedance-matching devices commonly 
incorporated in a cutoff attenuator add a dissipative component to A i. 

A 2 is the attenuation value determined by extrapolating the linear 
part of the calibration curve*to the x axis. The total attenuation at large 
values of x may be calculated from the simple linear equation 

A = A 2 + ax, 

where a is the slope of the linear region of the curve. 

As is the smallest value of attenuation where the calibration curve 
is linear. Unfortunately, this definition is not specific, and there is lack 
of agreement with regard to how it should be further qualified. One 
may say either that the slope of the curve at this point is within a given 
percentage (for example, 1 per cent) of that of the linear portion of the 
curve, or that the attenuation at this point is within a given fraction 
of a decibel (for example, 0.5 db) of that associated with the extrapolated 
linear region of the curve. Any reference to As in the following material 



Fig. 11*4. — Kepresentative calibration curve 
for a cutoff attenuator. 
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will be specifically qualified to avoid confusion. For most applications 
of cutoff attenuators it is important to have A% as small as possible. 
To meet this condition it is necessary to strive for high mode purity, and 
to design the impedance-matching networks in such a manner that 
satisfactorily low reflection can be obtained with networks having 
relatively small attenuation. 

11-6. Separation of Undesirable Modes. — As previously mentioned, 
the nonlinearity of the calibration curve of a cutoff attenuator in the 
region of relatively close coupling between the antennas is largely a result 
of multimode coupling between the two antennas. Both antennas must 
be capable of exciting (or coupling to) more than a single mode in order 
for this nonlinearity to occur. Much of interest can be learned about 
cutoff attenuators by examining the mechanism of this multimode 
coupling. 

Consider, for example, the case of a loop-coupled TE n-mode attenu- 
ator. This mode is commonly used in cutoff-attenuator design because 
it has the smallest attenuation constant of all modes. The modes with 
larger a or Smn values decay more rapidly, and the calibration curve for 
the attenuator must necessarily approach linearity at large values of loop 
displacement. By reference to Table 11 T we note that the TMoi-mode 
is likely to be the most troublesome mode from a point of view of linearity 
since its Smn value is closest to that of the TEn-mode, Experience 
substantiates this prediction, particularly if the metal coupling-loop wires 
have diameters that are large enough for ruggedness. Referring now to 
Fig. 11-4, let us arbitrarily divide the curve into three regions: (1) the 
linear region where only the T^n-mode exists, (2) an intermediate region 
where the curvature results from a combination of TEu- and TM oi-modes, 
and (3) the region near x = 0 where the curvature is influenced by many 
modes and by other factors not yet mentioned. Let us concentrate 
on the intermediate region where only two modes need be considered. 
The TMoi-mode has a field intensity which is independent of the angle 
of rotation $ between the two loops; the intensity of the TE n-mode 
(see Fig. 11*5) varies with cos 6, however, if both loops are grounded 
on the same generator of the cylinder where ^ = 0. 

Let Fi and V 2 represent, respectively, the voltages induced in the 
receiving loop by the TEu- and Til/oi-modes; then 

Fi = cos 6y 

V2 = 

where ai and a 2 are the corresponding attenuation constants. 

In combining the vectors V 1 and F 2 it is necessary to take into con- 
sideration the fact that, in general, the two modes are separated in time 
phase by an angle Therefore, the resultant vector voltage V induced 


( 7 ) 

( 8 ) 
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in the receiving loop is given by 

72 = v\ +VI + 2 V 1 V 2 cos 
or 

72 = cos 6 cos ^ — sin^ 6), (9) 

where 


and 


p = a2 — Oil, 


r = B 2 /B 1 . 

If 7J is defined as the value of 7* for x = 0 and cos ^ = 1, and if the 
attenuation in decibels is arbitrarily taken as zero for this case, then it 


TEjf mode 


TMof mode 




Fia. 11-5.— Field configurations of the TEn-- and rAfoi-modes in circular waveguide. 

follows from Eq. (9) that 

A . 8,686..* + 10 log..( , ^ , —X 

( 10 ) 

Equation (10) is the general equation for the attenuation of the 
cutoff attenuator, except for an additive constant, resulting from a 
combination of the two modes. The equation includes the effects of 
both linear and angular displacement of the loops. The first term of 
Eq. (10) is the attenuation resulting from the desired TiJn-mode, and 
the second term is of the nature of a correction term which arises because 
of the existence of the TMoi-mode. Implicit in Eq. (10) are the assump- 
tions that (1) the cutoff tube has a circular cross section with no elliptical 
eccentricity, (2) the plane of each of the two loops includes the center 
line of the cutoff tube, and (3) the transfer impedance effects, to be dis- 
cussed later, are negligible. 

For further considerations it is convenient to rewrite Eq. (10) for 
the special case, x = 0. The angular dependency of attenuation is thus 

1 + + 2r cos yp 

1 + + 2r cos 6 cos yp — sin^ 6 


A = 10 logic 


( 11 ) 
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Values for r and cos ^ may be calculated from measurements of A as a 
function of 6, taken at the arbitrarily chosen, x = 0 plane. As one loop 
is rotated with respect to the other, the power coupled from one loop 
to the other varies. It will have a maximum value at 0 = 0, by previous 
definition. As B is increased, the power transferred will decrease, pass 
through a minimum, and will then increase again to a second maximum 
at ^ = 180°. This second maximum will be smaller than the first since 
in this case the electric-field vectors of the two modes oppose each 
other, whereas they reinforce each other in the case of larger maximum 
at ^ = 0. By differentiating the right-hand side of Eq. (11) with respect 
to B and equating to zero, one obtains the condition that 

sin B (cos B + r cos = 0. (12) 

The maxima in power transfer occur for sin 0 = 0, or 0 = 0 and 180°, 
respectively. The minimum power transfer exists when 


cos Bm = —r cos (13) 

Therefore, if we define as the attenuation when B = 180°, Ami as the 
attenuation when B = Bm, we may rewrite Eq. (11) in the forms 


A,m = 10 logi 


Ami = 10 logi 


1 -f H- 2r cos xp 
' 1 + — 2r cos \f/^ 

1 -f -f 2r cos yp 


1 + ^*2 -f 2r cos yp cos Bm — sin^ Bm 


(14) 

(15) 


Equations (13), (14), and (15) may be solved simultaneously to determine 
r, yp and Bm in terms of A^m and Amu Thus 


where 



(16) 

(17) 

(18) 

(19) 


The calculation of Bm from Eq. (18) may be checked by an experi- 
mental measurement of Bmy provided that the assumed conditions are 
satisfied. An indication of the presence of other modes is asymmetry 
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of the angle calibration curve. For example, if the two minima (one 
between 0 and ir and the other between tt and 2ir) are not symmetrically 
located or differ in the value of at least one other mode is present. 
The choice of sign in Eq. (18) is dictated by whether the experimentally 
determined 0m is in the first or second quadrant. The choice of sign in 
Eq. (17) is dictated by the fact that ^ is a second-quadrant angle if 
0m is in the first quadrant, and vice versa. This is apparent from Eq. 
(13). 

If r and yp have been found, Eq. (10) can be used to predict the attenu- 
ation as a function of 0 and x. In particular, the value of x and the 
attenuation corresponding to the point .43 of Fig. 1T4 may be deter- 
mined. If we let Y equal the logarithmic correction term of Eq. (10), 
then the slope of the calibration curve is 

M = 8.686., + (20) 

By setting the ratio of dAJdx to 8.686ai equal to 1.01, for example, 
one can determine the value of x at which the slope is, within 1 per cent 
of the pure TEn-mode slope; or one may calculate the value of x at which 
the attenuation is 0.5 db lower than that of the extrapolated linear portion 
of the curve. It will be remembered that these are the two alternatives 
for specifying the quantity A 3 . 

Several other bits of useful information may be extracted from the 
above equations. For example, referring to Eq. (20), the slope correction 
term dY I dx should be made as small as possible for best linearity. By 
differentiation, 


+ cos-^ 

For cos ^ = 0 or unity, the value of dY fdx is minimized with respect 
to variations in 0 by setting cos 0 = unity. Moreover, this condition 
on cos 0 holds, regardless Of the value of x. To obtain the smallest 
possible As value, the attenuator should be operated with the loops 
adjusted to meet the 0 = 0 condition. 

If the cross section of the cutoff tube is not accurately circular, it is 
possible to get into peculiar difficulties. For example, in a slightly 
elliptical tube it is possible for the TEn-mode to be excited as two modes, 
polarized at right angles with respect to each other. Since they have 
the same attenuation constant, the variation with x is not affected, 
but the variation with 0 suffers a marked change. It is essential to guard 
against any twist along the length of a slightly elliptical tube. Such a 
twist rotates the plane of polarization of all modes that do not have 
circular symmetry, and this affects the coupling to these modes. Thus 



dY _ + cos 0 cos yp 

dx + 2re-'>^ cos 0 cos ^ 
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it is possible to have a cutoff tube in which only the TE n-mode exists, 
but which nevertheless has a nonlinear calibration curve because of the 
fact that the coupling to the mode varies with the twist angle of the tube. 
It is apparent that twist can be even more harmful in distorting the 
calibration curve if more than one mode is being coupled. 



i^iG. 11 -e.— Calibration curve of a cutoff Fio. 11*7.— Calibration curve illustrating 
attenuator with TEn- and TiUoi-modes in the crossover phenomenon, 

opposite time phase. 


The correction term Y may be either positive or negative; if it is 
positive, the general shape of the calibration curve is that shown in Fig. 
11-4; if it is negative, the calibration curve approaches linearity by a 
decreasing slope, rather than by an increasing slope as in Fig. IFG. The 
sign of the correction term Y changes from plus to minus for a value of ip 
somewhat greater than 90°. If 6 = 0, then the sign of Y depends on 
whether the argument of the logarithm is greater or less than unity. 
Therefore, if F = 0, 

1 + + 2r cos = 1 + + 2re-'’^ cos \p., 

and 

cos ^ — ^r(l + (22) 

This equation states that it is possible to have T = 0 at a: = 0, an 
important observation. In other words, it permits the calibration curve 
to have a crossover point of the kind shown in Fig. 11*7. 

The parenthetical quantity in Eq. (22) varies from 2 to 1 as a: varies 
from 0 to 00 . Therefore, the crossover point occurs when cos ^ lies within 
the range between — r/2 and — r. As the value of cos ^ varies from 
— r/2 to — r, the crossover point moves out along the straight line toward 
infinity. Crossover from the opposite direction (that is, the mirror image 
of the calibration curve shown) is not possible if r is less than unity. 

11-6. Principle of Mode Filtering —A potentially powerful tool in the 
design of cutoff attenuators, and one which unfortunately has not been 
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utilized as often as it might have been, is the principle of mode filtering. 
One may select a waveguide such that, at the frequency of interest, 
propagation is possible only in the lowest, or dominant, mode. Modes 
of higher order will be beyond cutoff and will therefore be attenuated. 
A sufficient length of such a line can be used as an effective mode filter, 
maintaining unattenuated propagation of the fundamental mode while 
the higher modes decay into insignificance. After passing through the 
filter, the fundamental mode is used to excite a length of waveguide which 
is beyond cutoff for this mode. It is essential, of course, to design the 
junction between the filter and cutoff sections so that higher modes are 
not excited again. The principle is quite simple, but there are practical 
problems involved which are not always simple. 

If the cutoff region for the dominant mode is to be in circular wave- 
guide, the filter section is customarily designed for circular waveguide; 
similarly, rectangular filter sections are used with rectangular wave- 
guides beyond cutoff. Consider, for example, the design of a circular- 
waveguide filter section for operation at a wavelength of 9.5 cm. From 
Eq. (4), it can be calculated that an air-filled tube of ?.93 cm radius will 
propagate the fundamental TEn-mode at wavelengths of 10.0 cm or 
less and will propagate the next higher mode, the TM oiy at wavelengths 
of 7.6 cm or less. This tube radius would therefore be an acceptable one 
for use at 9.5 cm. There is no danger of cutoff attenuation in the funda- 
mental mode, and the mode of the next higher order is sufficiently far 
beyond cutoff so that its attenuation constant is not too frequency- 
sensitive at this wavelength. The length of filter section used would 
depend on the time phases and intensities of the higher modes relative to 
those of the fundamental mode at the input end of the filter section. A 
waveguide diameter of 5.86 cm is apt to be objectionably large for some 
applications, so that it is desirable to fill the Avaveguide with a dis- 
sipationless material of relatively high permittivity. The reduction in 
tube radius, according to ^q. (4), is governed by the relation 

a y/ke — constant. 

Since it is possible to obtain a usable, easily machined Ti02-impregnated 
polystyrene for which ke = 10, the use of this dielectric permits reduction 
in radius of the tube by a factor of three or more. 

The use of a dielectric-filled waveguide for the filtering section 
affords another advantage over an air-filled filter section. In using a 
filter with no dielectric, it is necessary to constrict the waveguide section 
following the filter in order to bring the fundamental mode beyond 
cutoff. This constriction might, for example, take the form of an 
abrupt decrease in the diameter of a circular waveguide, or an abrupt 
decrease in both the a and b dimensions of a rectangular waveguide. 
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Such a discontinuity in the waveguide will excite higher modes in the 
cutoff section, and much if not all of the usefulness of the mode filter 
will be lost. However, if a dielectric of high permittivity is used in the 
mode filter, there need be no discontinuity between the filter and cutoff 
sections aside from the simple dielectric-air interface which lies normal 
to the axis of the waveguide. The field boundary conditions at such an 
interface guarantee that if only the fundamental mode exists in the 
dielectric, adjacent to the interface, then only the fundamental mode 
can exist in the air region beyond. It is advantageous to use a material 
with a large dielectric constant in the filter section. In this case the 
fundamental mode will be far beyond cutoff in the air-filled cutoff section, 
and the attenuation constant for the mode will be relatively insensitive to 
frequency. 

The use of a mode filter restricts the wavelength range in which the 
cutoff attenuator may be used. This range can at the most be the differ- 
ence between the cutoff wavelengths for the fundamental and next higher 
mode. In practice it is necessary to sacrifice part of this range. For 
example, since there are small variations in the permittivity of the 
dielectric from one attenuator to the next, it is unwise to operate at 
wavelengths close to the cutoff wavelength of the fundamental mode. 
In working very close to the short-wavelength limit of the allowable 
range, variations in permittivity may allow the next higher mode to be 
propagated together with the fundamental. Also, the attenuation of 
this second mode will be slight in this wavelength region, and the filter 
section to be effective must be made objectionably long. It should be 
noted that the use of a dielectric-filled line in place of an air-filled line 
does not change the wavelength spread between the fundamental and 
next higher mode, provided that both arrangements have the same cutoff 
wavelength for the dominant mode. 

Rectangular waveguide has an advantage over circular waveguide 
for mode filtering because the cutoff wavelengths (and cutoff attenuation 
constants) for the various modes are more widely separated when 
rectangular waveguide is used. Consequently, the rectangular mode- 
filtered cutoff attenuator is operable over a much broader wavelength 
range than is the circular mode-filtered attenuator. Reference to Table 
11-2 should clarify this point. The data apply strictly for X<<CXc, 
but are indicative of the situation when X approaches Xc closely. 

In studying Table 11*2 note particularly the additional advantage 
gained from using a very flat waveguide. In such waveguide only the 
series of T^Jmo-modes is of importance; all other modes have relatively 
large attenuation constants. However, regardless of the value of a/6, a 
considerably greater usable wavelength range is obtained with rectangular 
waveguide than with circular. 
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Because of the larger mode separation in rectangular waveguide, 
the input impedance for the filter section is less frequency-dependent 
and hence more susceptible to matching over a broad band. The higher 
modes that are attenuated in the filter section store power that is reflected 
back into the transmission line toward the generator. By no means all 
of the power associated with the main mode is coupled through the 
attenuator, and much of the total power reflection is from this mode. In 
the rectangular waveguide the phase shift in the dominant mode and 
the attenuation constants of the higher modes are less frequency-sensi- 
tive than in circular waveguide, and consequently the input impedance 
is less frequency-sensitive. 

Table 11-2. — Spread in Cutoff Wavelengths and Ratio of Attenuation 
Constants for Various Waveguide Modes 


Circular Waveguide 


Parameter 
(see notes) 

TEn 

TEoi 

TE21 

Til/n, TE 01 

TE^, 

X 


0.23 

0.40 

0.52 

0.56 

Y 

1.00 

1.31 

1.66 

2.08 

2.28 


Rectangular Waveguide 


Param- 
eter (see 
notes) 

r£,„ 

TE 20 

,TE\s,o 

TEoi 

TEn, TMn 

\ 

TEu, TM,, 

TE02 

TE i 2 y T M 12 

a 9 
6*4 

X 


0.50 

0.94 

0.56 

0.59 

0.67 

0.78 

0.78 

Y 

1.00 

2.00 

18.0 

2.25 

2.46 

3.01 

4.50 

4.61 

0 9 

b ■“ 1 

X 


0.50 

0.94 

0.89 

0.89 

0.89 

0.94 

0.94 

Y 

1.00 

2.00 

18.0 

9.00 

9.05 

9.22 

18.0 

18.0 


X represents the expression I — " ; - 
L vM/ 

Y represents the expression 


(X«)/ is the cutoff wavelength for the fundamental mode. 

(X*), is the ctitoff wavelength for the specific, tabulated mode, 
a/ is the attenuation constant for the fundamental mode, 
is the attenuation constant for the specific, tabulated mode. 


11'7. Variation of Input Impedance with Close Coupling. — Multimode 
coupling is not the only cause of nonlinearity in the calibration curve of a 
cutoff attenuator. A second source of nonlinearity is the variation in 
the input impedance of the attenuator, for a given load impedance, with 
a displacement of the coupling elements. For large separations of the 
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coupling elements the input impedance is wholly reactive, whereas for 
tight coupling the input impedance approaches the load impedance. 
The change in input impedance with antenna displacement is rapid 
for small separations, and very slight at large separations. This change 
in input impedance affects the power drawn from the generator, and 
consequently has an influence on the shape of the calibration curve. In 
many cutoff-attenuator designs the multimode coupling extends over 
such a large range of attenuation that the coupled-impedance effect is 
almost completely masked and can be ignored. However, in one or 
tw(p of the specific designs to be discussed the mode purity is so good 
that impedance coupling becomes the limiting factor on linearity at the 
lower end of the calibration curve. Impedance coupling is also an 


(1) (2) 

I I 



J- 1 ^ 


Generator 

/-V 

Zo 

Load 





Fig. 11*8.— Diagrammatic representation of a transmission line. 

important consideration in calculating the impedance-matching net- 
works that are frequently built into cutoff attenuators. 

The input impedance can easily be calculated as a function of the 
load impedance and the cutoff attenuation, either by formula or by 
reference to impedance-circle diagrams. In fact, the procedures are 
analogous to those used for a propagating waveguide. In the case of a 
propagating wavegxiide the magnitude of the voltage reflection coefficient 
r is not changed as the plane of reference is moved along the waveguide, 
but the phase angle of F varies twice as fast as the angle 2wl/\y through 
which the reference plane is moved. In contrast, the phase angle of F 
does not change with I in cutoff waveguides, but the magnitude of F does 
change with 1. 

In any transmission line, represented diagrammatically in Fig. 11*8, 
we can apply two fundamental formulas 

Fi = F2C-2 t^, 

r — ^ 

Z + Zo’ 

For propagating waveguides, where the magnitude of F does not change 
with I, 
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The characteristic impedance of the line is real, and we may write 

Z(s = 72o. 

The transformation along the line may be represented graphically by 
the impedance-circle diagrams of Fig. 11-9. Here lines of constant [rj 
are shown as solid lines, while lines of constant phase are dotted. To 
transform an impedance along the transmission line, moving B degrees 
toward the generator, one moves 2B degrees in a clockwise direction 
across the dashed constant-angle lines. Limiting the impedance to 
the right half of the -Z-plane restricts the reflection coefficient to within 
the unit circle on the F-plane. 

In the case of cutoff waveguides y = a and is pure imaginary. Let 
us write 

Zo = jXo, 

The impedance diagrams for this case are shown in Fig. 11*9. Here also 
lines of constant T are solid, and the phase lines dotted. The charac- 
teristic impedances of the lines, whether or not they are operated at 
frequencies below cutoff, may be taken as proportional to the wave 
impedances in the line. For TF-modes the wave impedance is 

7 

If y is imaginary, and we have propagation, 


If y is real. 



z,=ix„ = jf. 


For TM-modes, the wave impedance is y/iwc, and 


Ro — 



Xo = 


a 

coe 


For cutoff waveguides having TM-modes, Xo is negative, and the 
equation of transformation from the Z- to the F-plane becomes 


j,_ Z+j\X,\ 

Z-j\Xo\- 


This corresponds to a geometrical reflection on the resistance axis of the 
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diagram in the impedance plane so that going toward the generator 
now corresponds to a clockwise rotation on the diagram. The diagrams 
can also be used for admittances. In this case there is a geometrical 




Fia. 11*9. — r- and Z-planes for a Ti^-mode beyond cutoff. 


reflection on the resistance axis, and the angles are changed to their 
negative complements. 

These calculations are applicable only for single-mode excitation 
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in the cutoff waveguide. In the event of multimode coupling, the situa- 
tion is much more complicated, and we shall not discuss it here. 

The junction between a propagating waveguide and one beyond 
cutoff may be represented as a four-terminal network whose parameters 
depend on the geometrical configuration of the junction as well as the 
characteristic impedances of the lines connected to the junction. Thus 
a complete cutoff attenuator has the equivalent circuit shown in Fig. 
IMO. If the characteristics of the input and output junctions are 
known, the complete behavior of the attenuator can be calculated as 
outlined above. In Sec. 11*11 an attenuator is described for which 
this calculation has been carried out. 



11*8. Impedance -matching Techniques. — In Sec. 11-2 an attempt 
was made to justify the importance of matching an attenuator. The cut- 
off attenuator particularly demands impedance-matching since its 
input impedance is wholly reactive for large separations of the coupling 
elements. The voltage standing-wave ratios are very high, around 
40 or 50, and a small change in frequency can markedly affect the power 
drawn from the generator and delivered to the load which terminates the 
transmission line. There are several factors to be considered in the 
design of a matching network, and the choice of matching section depends 
on how' one wishes to weight the various design factors. In general, the 
important factors are (1) piaximum allowable input voltage standing- 
wave ratio, and the wavelength band over which the attenuator is to 
meet this maximum VSWR specification; (2) maximum reflections from 
the generator and load in the transmission line in whi(;h the attenuator 
is to be used; (3) magnitude of the dissipative attenuation introduced 
by the matching section; (4) relative importance of good matching at 
tight coupling and at loose coupling; (5) power-handling capacity of 
the matching section; (6) physical size of the matching section; (7) 
availability and ease of construction of the matching section; and, (8) 
reproducibility of the matching section. 

The maximum allowable VSWR is, as previously explained, important 
from the viewpoint of ascertaining reflection errors when the generator 
and load are not perfectly matched. In attenuators which use matching 
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sections consisting of a lumped resistive element, the mismatched 
generator and load take on added significance. There is a power split 
between the matching element and the terminal load, this split being 
determined by the impedances of the two, and the effective dissipative 
attenuation of the matching element is therefore dependent on the load 
impedance. Consequently, a small change in load impedance can, under 
certain circumstances, exert a big influence on the over-all attenuation of 
the cutoff attenuator. More will be said about this in following para- 
graphs. Often one wishes to have good impedance-matching at the least 
possible cost in attenuation from losses in the matching section. The 
need for reducing this attenuation to a bare minimum will greatly influ- 
ence the choice of the matching section. If the need for good impedance- 
matching is greatest under the condition of tight coupling, the design 
of a matching section is a much more severe problem than if the matching 
is to be made optimum at loose-coupling conditions. This follows from 
the fact that, at tight coupling, the impedance which is to be matched is 
varying much faster with antenna separation. The fact that the power 
level will be very low when the attenuator is in use does not allow one to 
neglect the power capacity of the matching section; relatively high- 
power levels must be used in calibrating the attenuator at large values 
of attenuation. The last three items in the above list are of relatively 
minor importance within the laboratory but can be quite troublesome 
if large-scale production of attenuators for field use is contemplated. 

Most of the information available on resistive matching sections 
pertains to attenuators employing circular waveguide. In these designs 
the coupling elements terminate coaxial lines so that the matching 
sections are also in coaxial line. Matching sections of three types have 
been used in such attenuators: distributed-parameter resistive attenu- 
ators, i.e., microwave T-pads; resistive coupling loops; and a single, 
lumped-constant, series or shunt resistive element which is properly 
located with respect to the coupling clement. 


Tablk 11-3. — Data on C'ablk Attknttation and Characteristic Impedance 


Cable 

X, cm 

Zo, ohms 

A, (lb /ft 

RG-21/U 

10.0 

52 

0.83 

RG-21/U 

3.3 

52 

1.6 

RG-9/U 

3.3 

52 

0.33 


Undoubtedly the most commonly used matching device with dis- 
tributed parameters is a long length of lossy cable. Typical data on 
cable attenuation and characteristic impedance are given in Table 1T3. 
In determining how much attenuation should be used, it is convenient to 
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refer to Fig. IMl. This is a graph of the voltage standing-wave ratio 
of a short-circuited line which is '‘padded’' with n db of matched attenua- 
tion. Thus, if the voltage standing-wave ratio looking into the attenu- 
ator is not to exceed 1.05, it is necessary to use at least 16 db of 
matched-cable attenuation. Actually, however, it is almost impossible 
to reduce the input VSWR to a value as small as 1.05 because of the 
reflections introduced by the cable fittings. If the cable attenuation 
reduces the VSWR of the short-circuited line to a value ri, and if the 
24 cable fitting has a VSWR = rt 

when followed by a Zq load, then 

22 A- the actual or effective VSWR / 

\ may lie anywhere within the range 

\ bounded by the product and quo- 

18 ^ tient of ri and Thus the re- 

^ y flections from the connectors 

» impose a limit on the goodness of 

1 14 matching. 

^ \ It should be noted that r' need 

\ not be particularly small if the 

10 Sr cutoff attenuator is used only to 

N. effect a known change in attenu- 

3 ation, and if it is operated in the 

3 range of relatively loose coupling 

where the previously discussed 

1.01 1.02 1.04 1.10 1.20 1.40 1.80 coupled-impedance effect is negli- 

VSWR gible. It is, nevertheless, safe 

Fio. iMi. — Change in VSWR with line practice to minimize r' since the 

attenuation. .. x* * x j ‘xi 

attenuation error associated with 

a small and often unavoidable frequency drift will be less if r' is small. 

Lossy cable has the advantage of being readily obtainable, but it is 
very bulky. Its attenuation constant is somewhat sensitive to changes 
of temperature and frequency, although if enough cable is used these 
variations are not disturbing. Flexion of the cable adjacent to the 
connectors can be very bothersome because it moves the center condiuitor 
pin of the plug (male) connector and changes the reflection. It is help- 
ful to install a six-inch length of metal tube at the back end of the con- 
nector to prevent the cable from bending in this critical region. Lossy 
cable is capable of greater power dissipation than are most other types of 
matching sections. 

There are many kinds of coaxial attenuators using metalized glass, 
polyiron, Bakelite, and other dissipative materials, that can be con- 
sidered for use as cutoff-attenuator matching sections. In principle they 
do not differ from lossy cable but are often preferable because of their 


1.01 1.02 1.04 1.10 1.20 1.40 1.80 

VSWR 

Fio. IMl. — Change in VSWR with line 
attenuation. 
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compactness. Such designs will be discussed in detail in Chap. 12. 
In general, they are not well matched over as broad a wavelength band 
as is lossy cable. 

The idea of using a resistive coupling loop which itself provides a 
satisfactorily matched termination for the coaxial line is an interesting 
one. This has been accomplished, in 0.5-in. 10-cm cutoff tubes, in two 
ways. The Carborundum Co. manufactures a midget carborundum 
resistor of 50-ohm nominal value in a 0.1-watt size. It is only ^ in. in 
diameter and i in. in length and has metalized ends for soldering. Figure 
11T2 shows how such a resistor might be installed. 




50-ohm 

resistor 




Fig. 11*12. — Coupling loop for a 
7’Fn-iTiode cutoff attenuator with midg- 
et 50-ohm resistor. 



Textolite 
Inner silver ring 

Outer silver ring 


Carbon resistance 
film 


Fig. 11-13. — Resistive-stripe 
coupling loop for a rFu-mode 
circular cutoff attenuator. 


While rated for only 0.1 watt, the resistor will apparently carry 
several times this amount without harm. The standing-wave ratios 
obtained in the 10-cm band were considerably larger than those obtained 
using a carbon stripe,” so that the use of these resistors was abandoned 
except for a few instances where power capacity was of greater importance 
than low reflection. However, this method of matching would probably 
be very successful for application at longer wavelengths and would seem 
to deserve further investigation. 

The carbon stripe is a coating of carbon on a thin ^in. textolite disk. 
The carbon material used is the same as that used in making the common 
carbon-strip potentiometers. The disk has a hole in its center through 
which the inner conductor of the coaxial line may protrude and silver- 
paste rings baked onto the disk to facilitate soldering or good pressure 
contac^t to the inner and outer conductors of the line. The hole diameter 
and disk diameter are chosen to be compatible with the coaxial-line size 
used. The construction is shown in Fig. 11T3. 

The VSWR data in Table 1T4 indicate what can be expected in the 
impedance-matching of a resistive-stripe coupling loop. The cutoff tube 
is a 0.5-in. diameter tube; the sliding insert is a 50-ohm coaxial line 
terminated in the resistive stripe. The VSWR data were taken with 
the sliding insert installed in the cutoff tube but with no second loop to 
couple power from it. The resistivity of the carbon film w^as varied so 
that the d-c resistance of the stripe was 50 ohms in all cases. 
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Table 11*4. — Impedance-matching Data for a Carbon-stripe Coupling Loop 


Stripe width, in. 

VSWR less than 

Over the band, cm 

A 

1.08 

8.5 to 12.2 

A 

1.10 

8.6 to 12.2 

A 

1.4 

8.6 to 12.3 

A 

1.6 

8.6to 11.8 


It will be noted from the data tabulated above that the wide stripes 
are preferable to the narrow ones from the viewpoint of broadband 
matching. The simplest explanation is that the wider stripes have less 
inductance, and thus contribute a smaller reactive component to the load 
impedance. An alternative, but perhaps less likely, explanation is that 
the inductance associated with the wide stripe, together with the induc- 
tive reactance which is reflected into the loop from the cutoff tube, is 
enough to resonate the capacitance of the high-permittivity textolite 
disk. Such a resonant circuit, heavily loaded by the resistance of the 
stripe, may be expected to have a very low Q arid hence an impedance 
which is relatively insensitive to changes of frequency. 

The carbon stripe unfortunately has a low power-handling capacity. 
Because of variations in the thickness of the resistive film, it is unwise to 
use such a stripe at power levels in excess of 0.1 watt. There seems to be 
no reason why the metalized-glass techniques used in making resistive 
attenuators could not be utilized in applying a metal-film stripe to a glass 
or a nonflaking synthetic-mica disk. Such techniques should produce a 
uniform, reproducible resistive coupling loop. The resistive stripe has 
two fundamental disadvantages: the appreciable width of the stripe 
enables it to couple well to the undesired TilZ-modes, and extremely 
tight coupling in the desired mode is impossible because of the difficulty 
of bringing two such stripes into intimate contact. 

The third general procedure for matching the coaxial-line coupling 
element involves the use of a small, lumped-constant resistor in series or 
in shunt with the line. To idealize the situation, assume that the metal 
coupling loop in a design for the TJ^n-mode is exactly equivalent to a 
short circuit at the loop, and that the metal disk used in the designs for 
the T^Joi-mode is exactly equivalent to an open circuit at the metal disk. 
In the case of the short circuit at the loop, a tiny resistor of Zq ohms in 
series with the center conductor, at a distance of a half wavelength 
from the loop, would effect a matched termination. In other words, the 
load impedance is zero at this half-wavelength point, and a Zo series 
resistor installed at this point should provide a match. Similarly, if a 
shunt resistance is to be used, it would be installed at the quarter- wave- 
length point where its resistance would be in parallel with an open circuit 
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and would therefore present a match. Similar reasoning, applied to the 
design for the TMoi-mode, suggests that the series resistor should be 
inserted at the quarter-wavelength point and the shunt resistor at the 
half-wavelength point. Normally one would prefer the element placed 
at the quarter-wavelength point, as this obviously leads to a less frequency- 
sensitive load than would a half-wavelength spacing of the resistor. In 
any case, this third type of matching cannot be expected to be good over 
as broad a band as either of the first two mentioned. 

Actually, conditions are not quite as we have assumed them to be. 
The reactive impedance of the cutoff tube must be considered and this 
may be inductive or reactive depending on whether the coupling is to 
TE^ or TM-modes. In TE-moAe designs the coupling loop has an 
appreciable inductance. In TM-mode designs there is a heavy capacitive 
loading from the fringing of the ^^-lines in the neighborhood of the 
periphery of the metal disk. Because of these factors, it is usually 
found that the resistors must be properly placed through trial and error 
to obtain the best results. The line distances are for this reason often 
far different from the simple quarter- and half-wavelength values. How- 
ever, good impedance-matching is possible over limited wavelength 
bands. 

In the above discussion of matching sections it is tacitly assumed 
that the optimum standing-wave ratio is required under loose-coupling 
conditions. As previously indicated, multimode coupling, in cutoff 
attenuators of most designs, discourages the use of these attenuators at 
small values of total attenuation. Since the attenuators are usually 
used in a loosely coupled condition, it is customary to match the imped- 
ances for this condition. 

Series-matching resistors have been made from Erie^ i-watt and 
1-watt carbon resistors by cracking away the protective covering from 
the resistor material beneath it. The kernel of the ^-watt resistor is 
approximately 0.11 in. by 0.5 in.; that of the 1-watt resistor is approxi- 
mately 0.19 in. by 0.7 in. By use of a 0.500-in. OD, 0.217-in. ID coaxial 
line and a properly placed 50-ohm, 1-watt series resistor of this type, it 
was found possible to match a loosely coupled oscillator cavity to a 
VSWR of 2, or less, over the 8.9- to 11.1-cm band. Tolerances of ±5 
ohms on d-c resistance were found to affect the maximum standing-wave 
ratio very little. It is occasionally desirable to do most of the impedance- 
matching with such a lumped-resistor element and to reduce the VSWR 
further by using lossy cable. 

The shunt resistor commonly used is a thin resistive disk since a 
disk presents a less serious discontinuity in the coaxial line than would a 


' Erie Resistor Corp., Erie, Pa. 
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midget resistor installed across the line. The plane of the disk is normal 
to the axis of the coaxial line. Figure 11*14 shows the construction of a 
60-ohm disk.^ The disk is the correct size for installation in the coaxial 
sliding insert used with most 0.5-in. 10-cm cutoff attenuators. The 

construction is similar to that of 
the carbon stripe shown in Fig. 
11*13, but, instead of a stripe, the 
entire annular region between the 
two silver rings is coated with 
carbon material. The resistance 
measured between the inner and 
outer rings is 50 ± 2.5 ohms with 
the dimensions as shown. The 
power capacity of such a disk 
is somewhat greater than 0.5 
watt. 

Some idea of the effectiveness of the resistive disk as an impedance- 
matching device may be attained from the following data which apply 
to the use of the disk in a Til/oi-mode circular cutoff design. Figure 
11*15 shows the installation of the resistive disk behind the metal disk 



Fig. — Resistive disk for matching 

attenuators. 



1 






0.500" 





, fi = 0.125" 

^Resistive disk 0=0.025” 

Fig. 11-15. — In.stallation of a resistive matching disk in a 7’^Uoi-rnode cutoff attenuator. 


which acts as the coupling element. The two most pertinent dimensions 
are the diameter C of the metal disk and the length A of the coaxial line 
between the metal disk and the resistive matching disk. The carbon 
side of the resistive disk is the side toward the right in the figure. 

Impedance measurements were made by directing power from left 
to right. The VSWR-vs.-X curves were found to be consistently para- 
bolic. Holding the value of C constant at 0.400 in., a graph of A vs. the 
wavelength for minimum VSWR (Xb) was plotted. The curve was found 
to be accurately a straight line for the entire range of A (0.85 in. to 


1 Manufactured by the International Resistance Company of Philadelphia (Cata- 
logue number VC 14204). 
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1.60 in.) investigated. The value of dA/d\b was found to be 0.178 in. 
per cm with \h being 10.0 cm for A = 1.20 in. Holding the value of A 
constant at 1.33 in., a graph of C vs. the wavelength for minimum VSWR 
(Xft) was plotted. This curve was also found to be linear for the entire 
range of C (0.250 in. to 0.400 in.) investigated. The value of dC/d\h 
was found to be 0.096 in. per cm. with Xb being 10.0 cm for C = 0.330 in. 
The optimum VSWR (at X^) was, in almost all instances, between 1.05 
and 1.10. The VSWR rose from its lowest value to a value of 1.20 at 
approximately X = (1 ± 0.08)X6. Ten different matching disks with 
d-c resistances in the range of 50 ± 8 ohms were used in taking these 
data. Disk variations appeared to be relatively unimportant. 

Since a reasonably good impedance match can be obtained at a given 
wavelength by any one of a number of combinations of the A and C 
dimensions, an additional criterion is needed to specify the best combina- 
tion. This criterion is concerned with mode purity of excitation in the 
cutoff region and will be discussed subsequently in Sec. 11T2. Assuming 
that the carbon disk is a pure 50-ohm shunt resistance, and having 
experimental data on \b for a given line length A, it is possible to calculate 
the value of capacitance which, representing the metal coupling disk 
in an eciuivalent circuit, produces an infinite impedance in shunt with the 
50-ohm disk. The input VSWR of the over-all combination may then 
be calculated as a function of X, and the calculated curve compares very 
well with the experimentally determined one. This is another way of 
saying that the disks have a small reactance, and that it is insensitive to 
frequency. Separate experiments involving impedance measurements 
on disks installed in short-circuited coaxial lines verify this conclusion. 

11-9. Examples of Waveguide Attenuators for 3000 Mc/sec. — Having 
discussed most of the basic principles of cutoff-attenuator design, we may 
now consider the details of some specific designs that have been devel- 
oped. First to be considered is a series of 10-cm circular TJS'u-mode 
cutoff attenuators. These will be discussed in approximately the 
chronological order of their development so that the improvements 
effected can more easily be followed and understood. All attenuators in 
this series use a j-in. diameter cutoff tube. 

The TPSAb Attenuator . — The first 10-cm attenuator produced in 
quantity for use within the Radiation I.aboratory was the TPS- 15. An 
assembly sketch of the TPS-15 is shown in Fig. 11*16, and a photograph 
of the attenuator is shown in Fig. 11*17. The two coupling loops in this 
design are shown in contact in the figure. The rigidly mounted loop at 
the left terminates a short length of 50-ohm coaxial line. The loop at the 
right terminates the 50-ohm coaxial line in the sliding insert. Eight to 
ten fingers are cut into the left end of the sliding insert in the vicinity of 
its coupling loop, and the loop is grounded to one of these fingers. The 
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fingers are given suflBcient spring to provide good electrical contact 
between the end of the slider and the wall of the cutoff tube. The slider 
is driven by a rack and pinion, and a dial is mounted on the shaft of the 
pinion gear. The spacing of teeth on the rack, the diameter of the 



Fig. 11*16. — Assembly sketch of the TPS-15 cutoff attenuator. 


pinion gear, and the dial engraving are so chosen that one dial division 
corresponds to one decibel of attenuation. Wobble of the insert is 
avoided by the use of a steel guide rod of large diameter which slides 
through oiled bearing holes in two brass blocks rigidly fastened to the 
cutoff tube. Note that no impedance-matching devices are designed 



Fig. 11*17. — Photograph of the TPS-15 cutoff attenuator. 


into this model; consequently, long lengths of lossy cable are required on 
each side of the attenuator. 

Whereas the attenuator is simple to construct, it leaves much to be 
desired electrically. The coupling is by no means pure T^Jn-mode 
coupling and the attenuation (exclusive of that in the cable) at a point 
within 0.5 db of linearity is approximately 30 db. When properly padded 
with lossy cable, the minimum attenuation that permits operation on the 
linear part of the calibration curve is, therefore, objectionably high for 
many purposes. The cutoff tube gradually becomes scored through wear 
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Cutoff tube 




from the fingers and the finger contacts are not perfect enough to prevent 
r-f leakage between the sliding insert and the wall of the cutoff tube. 
R-f leakage either into or out of the attenuator can under certain circum- 
stances (see Sec. 13-5) cause appreciable errors in measurements made 
with the attenuator. 

A number of attempts to improve the purity of mode in this attenuator 
by radical changes in loop shape or by the use of solid silver contact 
fingertips on the slider were fruitless. Changes in the variation of 
attenuation with both distance and angle of loop orientation were 
effected in this manner, but none 
seemed to offer a sufficiently great 
improvement to suggest that the 
problem of nonlinearity could be 
solved in this way. Subsequently, 
there was conceived the idea of ex- 
citing the T Ell-mode by means of an 
iris instead of a loop, and later de- 
velopments proved the merits of this 
suggestion. I 

The Model 0 Attenuator , — The 

first attenuator design making use 

of such an iris was called the Model 

O. The novel features of the design 

are shown in Fig. 11T8. The cutoff 

tube is joined at right angles to a 

coaxial line of comparable diameter, n 18.— iris-coupling mechanism 

^ • 1 1 . • Model 0 attenuator. 

using a 180 circumferential slot in 

the outer coaxial conductor to couple the two lines electrically. The 
slot acts as a nonplanar iris which can excite or couple to a T^n-mode 
in the cutoff tube, but discriminates against 7\l/-modes. The coupling 
loop of the slider (not shown in the figure) lies in the plane which includes 
the axis of the coaxial line. The coaxial line is short-circuited a distance 
X/2 from the coupling slot so that a current maximum exists at the slot. 
This facilitates tightest coupling. Because of the frequency sensitivity 
of the half wavelength of coaxial line, the attenuator has an obvious 
bandwidth limitation in so far as tight coupling is concerned. Also, 
higher-mode coupling still exists, although to a lesser degree than in the 
TPS-15 design. The calibration curve for the Model O reaches linearity 
to within 0.5 db at an attenuation (exclusive of lossy cable) of approxi- 
mately 25 db. 

The Model T Attenuator , — A further improvement in linearity was 
made in the Model T design shown in Fig. 11T9. A coaxial line of much 
larger diameter is used so that the cutoff tube can easily be projected 


Nonplanar 

iris 

180 ® slot 
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through its outer conductor. This permits the use of a planar iris at the 
end of the cutoff tube and also permits tighter coupling, since the iris is 
brought nearer the center conductor of the coaxial line where the field 
is more concentrated. The calibration curve reaches linearity within 
0.5 db at an attenuation of approximately 20 db. 

The Model S Attenuator . — The minimum attenuation of an iris 
attenuator can be reduced several decibels by coupling to the iris through 
a highly resonant cavity. The cavity has the function of building up the 
electric potential across the edges of the gap to a high value, and thereby 

S attenuator makes use of this 
principle. It has proved to be a 
quite satisfactory design, and has 
served faithfully as a primary 
standard attenuator. 

Figure 11*20 shows a sketch of 
the pertinent features of the Mod- 
el S attenuator. The cavity used 
is a round pillbox type with metal 
walls and an axial tuning rod. It 
normally resonates in a 7'7lfoio- 
mode although, possibly, the 
heavy capacitive loading associ- 
ated with a small gap between 
the end of the tuning rod and the 
cavity bottom plate can make 
the cavity resonate in a coaxial 
mode at the long-wavelength end 
of its tuning range. It is good 
practice to keep the height of 
the cavity a little less than a 
half wavelength and the diameter somewhat greater than a half wave- 
length. The tuning rod may be either metal or a relatively high- 
permittivity (for example, glas.s) dielectric; the effect of either material 
is to concentrate the fields in the vicinity of the tuning rod. The 
dielectric tuning rod is preferable from the viewpoint of coherent- 
leakage protection since its diameter may be chosen so that the metal 
tube through which it slides is beyond cutoff. In contrast, one must 
depend on good electrical contact in the screw threads of the tuning 
mechanism to prevent leakage when a metal tuning rod is used. The 
cavity commonly used in this design will tune over a minimum wave- 
length band of 9 to 11 cm. Irregularities in the walls of the cavity show 
no appreciable effect on the shape of the calibration curve. Likewise, 
because of the relatively low loaded Q of the cavity, highly polished plat- 
ing is unessential. 


tightens the coupling. The Model 



Fig. 11-19.- Iris-coupling mechanism used in 
the Model T attenuator. 
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The input coupling loop is rigidly fixed with respect to the cavity 
and has dimensions which make it nearly resonant so that it couples 
tightly to the cavity. In contrast, the coupling through the planar iris 
to the loop of the slider in the cut-off tube is relatively weak. The large 
input coupling loop is approximately square, and oriented in a plane 
parallel to the tuning rod. It is grounded next to the flat bottom end 
of the cavity. The loaded Q of the cavity used in this design is of the 
order of 100 to 150, and decreases with the resonant frequency of the 
cavity. It was found preferable to locate the capacitive tuning gap 
at the bottom of the cavity, instead of at the center. 



Fig. 11-20. — Sketch of the pertinent features of the Model S attenuator. 


It is occasionally advantageous to install in the cavity another cou- 
pling loop which couples to a short length of coaxial line terminated by a 
crystal. The current induced in the loop is rectified by the crystal 
and measured by a d-c microammeter. For a given cavity, the crystal 
monitor provides a measure of the electric potential across the iris. Thus 
frequency-drift or output-power variations in the oscillator, either of 
which will affect the field intensity in the cavity, can easily be followed. 
The coaxial line should be extended a short distance beyond the crystal 
and filled with a tube of high-loss polyiron material. By bringing the 
d-c leads to the microammeter through such an attenuating line, one can 
avoid r-f leakage into or out of the cavity at this point. 

The design of the planar iris terminating the cutoff tube is based on 
the necessity of a compromise between the purity of mode excitation 
and small cavity insertion loss. For a 0.5-in. cutoff tube, an iris width 
of i in. to T in. was found to provide good linearity. If the planar iris is 
approximately flush with the cylindrical wall of the cavity, the insertion 
loss is rather high, but the calibration curve reaches linearity almost 
immediately. On the other hand, if the cutoff tube and terminating 
iris are projected into the cavity a short distance, it is found that the 
insertion loss drops while the nonlinear part of the calibration curve is 
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extended. Consequently, the over-all attenuation level at which the 
calibration curve of the attenuator becomes linear to within a specified 
fraction of a decibel is not appreciably affected by the extent of projection 
of the iris. The best compromise is a projection into the cavity of 
approximately A in. The iris is made ^ in. thick, and the slot is carried 
all the way across the cutoff tube. Although, as indicated above, there 
is some latitude in choice of slot width, a i-in. width is commonly used. 



Fio. 11-21. — Photograph of the Model S attenuator. 

The length of the slot lies in a direction normal to the plane of the coupling 
loop of the sliding insert. 

The design of the sliding insert has likewise been given careful atten- 
tion. The coupling loop ‘/see Fig. 11*20) is a rather large one, and is 
formed from a thin metal strap of rectangular cross section. The 
50-ohm IRC resistive disk u.sed for impedance-matching is located at the 
base of the loop where it is easily installed. It is convenient for optimum 
impedance match that the sizable inductance associated with this large 
loop demands that the disk be placed at this point. Over the 9- to 
11-cm band, the VSWR of the matched loop does not exceed 1.15. The 
cutoff tube in which the slider operates need not be built diametrically 
opposite the input coupling loop to the cavity, as shown in Fig. 11*20. 
Figure 11*21, a photograph of the Model S attenuator, shows the cutoff 
tube 90® from the input coupling loop. 

It is not so easy to match the cavity loop because the position of the 
voltage maximum in the standing-wave pattern looking into the cavity 
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loop is critically dependent on tuning. To compensate for this two 
disks may be inserted. The first is in the normal position of the voltage 
minimum, and is inoperative when the cavity is tuned. The second disk 
is placed a quarter wavelength down the coaxial line from the first. 
When the cavity is detuned, the decreased effectiveness of the second disk 
is partially compensated for by the action of the first disk which is no 
longer located at the voltage minimum. With this arrangement the 
VSWR was reduced to 1.35 for a tuned cavity, and to 1.80 for a badly 
detuned cavity. The pair of disks introduced an additional attenuation 
of 4 to 6 db depending on the tuning. This represents a distinct improve- 
ment over the use of lossy cable, but the mechanical complication of 
installing the pair of disks may be too costly. 

Sliding contacts which are electrically good are always difficult to 
obtain in the microwave region. The slider in the Model S offers no 
exception. The split-tubing finger construction, mentioned in connec- 
tion with the TPS-15 attenuator, has many disadvantages. The finger 
to which the center conductor is grounded by the loop appears to be the 
important one, but unfortunately it is the least dependable because of the 
restraint put on it by the mechanical tie to the center conductor. The 
difficulty may be alleviated by stiffening the loop finger and bending it 
back so that it must be compressed slightly when inserted into the cutoff 
tube. Unless the insert is very tightly fitted in the cutoff tube (which 
is bad from other points of view), forces exerted on the slider can cause 
troublesome contact variations. Helical-spring contacts were designed 
for use in the Model S attenuator. Figure 11-22 shows in detail the 
method of constructing the helical springs and the method of installing 
them on the slider. 

The wearing (pialities of unoiled sliders are very poor, in general. No 
combination of brass, steel, solid silver, silver plate, or nickel plate 
evidenced good wearing qualities when operated dry. However, a good 
grade of low-viscosity motor oil used for slider lubrication effected a 
marked improvement. An attenuator design in which the slider must 
depend on pressure contact with the inside of the cutoff tube for mechan- 
ical support is particularly bad; rather severe gouging develops in time. 
It is desirable to use external guide rods to support the slider, although 
this procedure usually demands a larger tolerance between the slider 
and the cutoff tube. In turn, this larger tolerance invites greater r-f- 
leakage difficulties. However, the helical springs are not handicapped 
by this larger tolerance, as are the conventional split-finger contacts, and 
can serve simultaneously as effective leakage inhibitors and good elec- 
trical contactors. Optimum leakage protection is gained by using a pair 
of the springs, spaced X/4 apart along the length of the slider. The 
springs have been shown to provide from 80 to 100 db of leakage pro- 
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Materials 


Method of assembly 



Mirror finish 



i_L 

\ 

A 






1. Sample of tubing (preferably silver) 

No. 75 (.021) drill >1-0.110” 


tin hole sides 



2. Slider 


— 

3. Spring 


0 .100’=- I ^ 


j4-0.100'’ 


±. 0005 " 

10.0625” dia. drill rod 



20 turns/ inch 

rnoo?" 


la. piano wire 


r.ooi" 

0.062” 


rr I in TO 

0.250”-i| ^ 

EB- -ESG 


Tin to.j^-each end 7 
' - ' t-0.250" 



jrA+#- 


"^1-0.005^ 

0.025" drill-/ 

4. Center strip (phosphor bronze) 



■8 



Step No. 1 

Flatten spring No. 3 with 
roller Na5 


Both cut ends on top 


7r>l- 


Step 1 ^ 0 . 2 

Cut to required length 

Keep both ends on top of strip . 
Drawstring must trap at- 
least one coil of spring 



Step No. 3 

Insert strip No. 4 and draw 
String No. 6 


Thread drawstring in hole 
in groove and draw tight 



Keep cut ends 
on inside of bend 


Step No. 4 

install in place on slider 



Bend and cut 
off short 


r.ooi" 

"0.007” piano wire 

6 . Drawstring 

Fui. 11*22. — Method of eon.stnietiiiK 


Step No. 5 

Insert in tubing No. 1 and raise 
to soldering temperature 

helical-Hiiring r-f contacts. 


tection when used in pairs. If desired, further leakage protection can 
be obtained by using a thin-walled tube yf polyiron around the .slider, 
locating it between the second helical spring and the r-f connector at the 
end of the slider. The polyiron should not touch the wall of the cutoff 
tube. 
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A spring-loaded rack with pinion gear is a commonly used drive 
mechanism for the slider. The dial attached to the pinion gearshaft 
may have an accurate vernier scale associated with it, or a dial indicator 
(Ames Gauge) may be used to indicate the position of the slider. The 
latter method escapes backlash troubles with the drive mechanism, 
and provides a least count of 0.001, or even 0.0001 in., of slider 
movement. 

The Model S attenuator has a calibration curve which is within 0.5 
db of linearity when the over-all attenuation (including loss in the slider 
matching disk) is 6 db, and is within 0.1 db of linearity at 14 db. The 
attenuators have been quite reproducible. The calibration curve includ- 



ing the nonlinear region is almost wholly independent of wavelength from 
9 to 11 cm except for the slope change specified by Eq. (G). This is small: 
the slope is 0.975 db per dial division at 9 cm, and 0.985 db per dial 
division at 11 cm. Calibration curves taken with the cavity detuned by 
as much as 75 Mc/sec have shown that detuning to this degree has no 
appreciable effect on the extent of the nonlinear region. Of course, the 
insertion loss of the cavity is increased by such detuning. 

11*10. A Waveguide Attenuator for 9000 Mc/sec. — The sketch of a 
design for frequencies near 9000 Mc/sec is shown in Fig. 1T23. It is 
somewhat dimensionally distorted to make possible the inclusion of all 
pertinent features in the single sketch. Figure 11-24 shows a photograph 
of the assembled attenuator. 

The circular cutoff tube is approximately i in. in diameter, and is 
coupled to the 0.400- by 0.900-inch rectangular waveguide by a planar 
iris similar to that used in the Model S designed for the 10-cm band. 
The circular and rectangular waveguides have a common axis. Experi- 
ments Avere conducted with a variety of iris shapes and the one finally 
selected as optimum for use over the band from 3.13 to 3.53 cm has a 
width approximately equal to the radius of the cutoff tube. The iris 
extends entirely across the cutoff tube, with its length parallel to the wide 
side of the rectangular waveguide. 

The slider has a large rectangular loop of approximately resonant 
dimensions, and the loop is given rigidity at its base by a glass bead which 
mechanically supports the inner conductor of the coaxial line. No 
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impedance-matching network is built into the slider. A pair of staggei 
tuned half-wavelength choke cups are installed on the slider immediate! 
behind the coupling loop. Then follows a hard, smooth-surfaced textolit 
bushing which makes sliding contact with the cutoff tube. Behind th 
bushing is a polyiron sleeve of slightly smaller diameter to assist the tunei 
choke cups in providing adequate leakage protection. The minimun 
attenuation (with loop touching the iris) is 7 to 10 db over the above 
mentioned wavelength band. The calibration curves require an addi 
tional 8 to 10 db to reach linearity within 0.5 db. 



Fig. 11*24. — Photograph of the 3-cm-band cutoff attenuator. 


An Attenuator for 24,000 Mc/sec. — Figure 11-25 shows the 
design of an attenuator for frequencies near 24,000 Mc/sec which utilizes 
a dielectric rod as the sliding member. 

The i-in, by i-in. rectangular guide carries power from a generator to a 
power-monitoring termination (for example, a thermistor) or a matched 
load. A round waveguide beyond cutoff extends to the right, normal to 
the broad side of the rectangular waveguide. A polystyrene rod of 
approximately \g/2 in length is seated in the end of the cutoff tube. 
Its exact length is chosen such that, for loose coupling in the attenuator, 
the reactive impedance of the cutoff tube referred to the junction of the 
rectangular and cutoff waveguides is zero and no reflection is produced in 
the rectangular waveguide. A polystyrene rod is driven along the cutoff 
tube by a micrometer, thus varying the length of the air region which is 
beyond cutoff for the rJS?n-mode. The T-Bu-wavc which is propagated 
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then couples into the rectangular waveguide and passes out of the attenu- 
ator. A tuned 1-cm-band choke facilitates coupling into the rectangular 
waveguide by preventing propagation further in the dielectric rod. A 
resistive matching disk is installed in the polystyrene rod, so that the wave 
moving through the dielectric rod proceeds from a matched generator. 
The extension of the rectangular waveguide and the location of its short- 
circuited end are carefully chosen so that the circular-to-rectangular- 
waveguide transition is reflection- 
less. 

Resistive matching disks of 
several types have been tried, but 
none has been entirely satisfac- 
tory. Cloth soaked in Aquadag 
(a carbon suspension) has been 
used, for example. For the 
proper disk resistivity, a match 
can be obtained with a thin, uni- 
form disk. Correction for an un- 
favorable resistivity can be made 
by cutting a hole of the proper size 
in the center of the disk. Since 
the disk is spliced between two di- 
electric rods, the adhesive presents 
a problem which has not been 
solved with entire satisfaction. 

The position of the matching ll- 25 .— Attenuator ^th polystrene rod 

. . 11.1 band. 

disk With n^ierence to the dielec- 

tric-air interface is important. The disk should be placed at a current 
node in the polystyrene rod. Since the reflected inductive reactance of the 
cutoff tube is approximately j, the polystyrene cap placed over the resistive 
disk should be approximately \g/S in length. 

A desirable feature of this variable attenuator is that it employs 
no sliding metal contacts. The diameter of the cutoff tube is so chosen 
that when it is filled with the dielectric it propagates the TEu-mode but 
it is still below cutoff for the 7'i/oi-mode. The short length of poly- 
styrene, therefore, acts as a mode filter for energy coupled out of the 
main waveguide by the electric field. If the ends of the dielectric rods are 
accurately perpendicular to the cutoff tube, no higher modes are excited. 

One of the big advantages inherent in the dielectric cutoff attenuator 
is that its calibration curve can be accurately predicted, including 
the nonlinear part that arises from interaction or reflection effects at the 
dielectric-air interfaces. The effect has been discussed in Sec. 11*7. 
The expression derived^ for the attenuation (that is, ratio of power trans- 

^ N. H, Frank, private communication. 
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mitted through the air cutoff region to the power incident on the input 
dielectric-air interface) is 

-1 - 10 log.. (l + -F nsinh-^' 1-Y “ l) 


. 1 2 1 


where Xc is the cutoff wavelength in the rJ5Jii-mode for the tube when 
no dielectric is present. This equation can be simplified considerably 
if we choose the diameter of the waveguide beyond cutoff so that 

■pp- _ 1 /'O.lX 




This condition is met when 


Xc = X. 


P- 

'l +A;. 


In this case the simplified equation becomes 


Since, for large x, 


= 10 logio eosh* ^ ’ 


sinh* X = 


we can write Eq. (23), for / X, as 


JiP 

In 10 X 


les a linear functi 


Thus the attenuation becomes a linear function of I with the slope 


The term independent of I in Eq. (27) can be made independent of wave- 
length, if we impose the condition that 


This leads again to Eqs. (25) and (26), while Eq. (27) becomes 




1 — 20 logic 2. 


These relations have been verified to within the experimental error. 
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1142. The Design of Cutoff Attenuators Using the TMoi-mode. — 
Until recently little attention has been given to the design of cutoff 
attenuators using the TMoi-mode. It was felt that the slightest amount 
of plate ellipticity or eccentricity in the centering of the plate in the cutoff 
tube would lead to excitation of modes in the TE-mode series. Even if 
the TEiriaode is excited very weakly, it will cause trouble at large 
attenuations because it decays in intensity less rapidly than does the 
TMoi-mode. For example, if the TEn-mode is excited with an intensity 
40 db down from that of the TMoij it will be only 20 db down after the 
TMoi-mode has been attenuated 80 db. It is, therefore, necessary to 
check calibration of such an attenuator over the entire range of attenua- 
tion for which it is to be used. If this range is 70 db or greater, such a 
procedure imposes severe experimental difficulties. 

It has been pointed out that one should be able to circumvent the 
effects of TEii-modes by properly orienting the two antenna plates. Two 
antenna plates which are slightly elliptical may be oriented in such a way 
that their major axes are at right angles to each other so that, if the first 
plate excites the TJ^n-mode, the second one will not couple to it. This 
alignment cannot be based on mechanical measurements since the 
eccentricity is extremely small. However, an experimental determina- 
tion of the proper alignment can be made. It is not unreasonable to 
suppose that proper orientation will reduce by 30 to 60 db the coupling 
to the TE n-mode. Consequently, if the plates are turned down on a 
lathe after installation on their respective coaxial lines, and carefully 
oriented by means of an angle calibration, satisfactory freedom from 
TE-mode coupling can probably be achieved. 

A brief investigation was made of a 10-cm-band TMoi-mode cutoff 
attenuator using 0.400-in. -diameter metal plates in a 0.5-in. cutoff tube. 
The inner conductors of the coaxial lines were supported by polystyrene 
beads located a short distance behind the plates. The minimum attenua- 
tion, plates touching, was less than 1 db in the wavelength range from 
10 to 12 cm, and the calibration curve reached linearity within 0.5 db 
after 10 db of decoupling. The linearity was checked up to an attenua- 
tion of 50 db, and was found to be exact within the limits of experimental 
error. 

In order to improve further the linearity of a TA/oi-mode cutoff 
attenuator in the low-attenuation range, it would be necessary to suppress 
the excitation of the higher TilZ-modes. A means of accomplishing this 
has been suggested, but unfortunately has not been verified experi- 
mentally. The principle is to select different diameters for the two 
metal-disk antennas such that one disk cannot excite the TAf 02 -mode, and 
the other disk cannot excite or couple to the TA/ormode. 



CHAPTER 12 

MICROWAVE ATTENUATORS. RESISTIVE ATTENUATORS 

By E. Weber and R. N. Griesheimer 

For general laboratory use, many devices are available which give 
fixed or variable attenuation of the main power flow, or which permit 
power sampling for power-monitoring purposes without reacting per- 
ceptibly upon the main power flow. For low power ranges it is usually 
permissible to insert in the main power path elements of dielectric base 
materials which have thin coatings of power-absorbing materials such as 
carbon or Aquadag. For larger powers, in or^er to provide for efficient 
heat transfer to the ambient air, power-absorbing materials in greater bulk 
and Avith proper metal casings are inserted. Finally, in order to separate 
the directly transmitted power from that absorbed in a properly designed 
terminal load, the principle of power division can be used. 

The design of dissipative attenuators involves two problems of 
paramount importance: the choice of the material in which the power is 
to be lost, and the impedance-matching of the attenuator to the trans- 
mission line. These problems must also be solved in the design of a 
termination for a transmission line which will absorb without reflection 
all the power incident upon it. The design of a termination or load is 
often simpler than that of an attenuator because the impedance-matching 
need be done at one end only. The first part of this chapter is, therefore, 
devoted to a discussion of terminations. 

Most of the general -pyrpose laboratory attenuators admit of calibra- 
tion in a limited sense only, over narrow frequency ranges, either because 
of the frequency dependence of the loss characteristics of the materials, 
or because of the influences of temperature and humidity. For this rea- 
son, a separation is made between the general-purpose attenuators and 
the attenuators which by the use of precision metalized glass, justify 
higher accuracy in calibration and are therefore even useful as standards. 

MATCHED TRANSMISSION-LINE TERMINATIONS 

By R. N. Griesheimer 

There are innumerable applications in' microwave work for matched- 
impedance transmission-line terminations, or ^Moads^^ as they are more 
commonly called, and the number of materials and designs employed in 

720 
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their construction has been as great as the number of applications. 
Terminations are commonly classed as either high-power or low-power 
terminations. High-power terminations are designed to take the full 
output power of a transmitter tube; that is, power ranging from a few 
watts to several hundred watts. They are used to replace the trans- 
mitting antenna under conditions where radiated power would violate 
secrecy or would interfere with neighboring receivers. In addition, 
the high-power load sidesteps the objection that within the confines of a 
laboratory an antenna offers a varying load impedance as objects move 
in its immediate vicinity. High-power loads are usually required to 
have a VSWR not greater than 1.05 to 1.10. 

Low-power loads may be grouped into two classes. Some applications 
demand that the loads be almost perfectly matched; that is, their VSWR 
should be no greater than 1.01 or 1.02. The reference match in a magic T 
that is used for impedance measurement is such an application. Imped- 
ance measurements on lossless or low-loss line components are often 
conducted with a matched line termination placed after the component 
under test, and such a termination should also have a VSWR which is 
as small as 1.01. In contrast, the terminations used in the secondary 
lines of directional couplers, for example, can often be allowed a maxi- 
mum VSWR as great as 1.1 or 1.2. In these applications a compromise 
is usually necessary between the allowable voltage standing-wave ratio 
and the allowable physical dimensions of the termination, with the 
directivity of the directional device being the determining factor in 
setting the maximum allowable voltage standing-wave ratio. Low-power 
loads are seldom designed to dissipate more than 0.5 watt. 

In the design of a line termination there are a number of factors which 
must be taken into consideration. The most important electrical 
specifications are the maximum allowable voltage standing-wave ratio 
and the bandwidth over which the voltage-standing-wave ratio specifica- 
tion is to be met. The maximum safe power capacity of the load is also 
of considerable importance. For high-power loads it is necessary to 
consider both average power dissipation and pulse-power breakdown, 
or “arc-over.” The impedance match should be independent of tem- 
perature within the stated safe average-power limit, and should not be 
affected by humidity variations or by aging. Many applications, for 
example the reference match for the magic T, demand that the loads be 
very carefully protected against r-f leakage. The impedance match 
of the load should be quite insensitive to shock and vibration, and, in 
the event that large-scale production is anticipated, it should also be 
reproducible from unit to unit. As previously suggested in the com- 
ments on directional couplers, the size, primarily the length, of the 
termination is important in some applications. In constructing very- 
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well-matched loads Avith VSWR less than 1.02, it is of particular impor- 
tance to obtain precision waveguide or coaxial line for their construction. 
The reflection from a small discontinuity at the junction of the load 
and the line which it terminates can easily account for a VSWR of 1.01 
or 1.02. 

The metal housing for the load is customarily terminated by an r-f 
short circuit in order to avoid r-f leakage from the load. This imposes 
a lower limit on the attenuation of the termination if a broadband 
impedance match is to be obtained. Figure 11-11 shows that the VSWR 
of a short circuit, measured through 23 db of matched attenuation, is 
1.01. Since the termination is not likely to be exactly matched, it is 
essential to have a minimum of 30 db of attenuation in the load if there 
is to be any hope of obtaining a load VSWR less than 1.01 over a sizable 
wavelength band. 

The most difficult problem in load design is, of course, the impedance - 
matching problem. A number of technicjues have been employed for 
impedance-matching; most of these techniques are also applicable to 
the matching of resistive attenuators. The' most commonly used 
matching devices are long tapers, or one or more quarter-wavelength 
transformers. However, examples of other techniques will also be cited. 

12*1. Low-power Coaxial-line Terminations. — Two coaxial-line ter- 
minations have been developed which meet a maximum VSWR specifica- 
tion of 1.02 to 1.04 over an 8 to 10 per cent band. One design utilizes 
a thermosetting plastic, Durez 7421, which is cast in a section of the line 
to be terminated. Then, because the temperature coefficient of expansion 
of Durez is greater than that of brass, it can be removed from the center 
conductor by heating and from the outer conductor by cooling. It is a 
relatively easy material to machine, and a conical matching taper of the 
correct length can be cut on a lathe. The taper is carried all the way 
to a knife edge at the center conductor, with the experimentally deter- 
mined optimum taper length being approximately two wavelengths. 
The solid plastic provides 'a good support for the center conductor and 
consequently the load is a rugged one. A second well-matched load has 
been made from a resistive cloth, Uskon.^ The cloth used has a resis- 
tivity of approximately 440 ohms per square^ A long trapezoidal piece 
of the cloth is tightly wrapped around the inner conductor of the coaxial 
line in such a way that a conical matching taper, followed by a completely 
filled length of line, is formed. This is a less durable load than the one 
made from Durez, particularly since the cloth has a tendency to fray 
at the tip of the taper, and thereby produces a reflection. These loads 
may be made for a variety of sizes of coaxial lines but may become 
objectionably long at wavelengths longer than microwaves. 

^ Manufactured by the U. 8. Rubber Co., Rockefeller Center, New York. 
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Various polyiron materials have been used effectively in making 
10-cm-band and 3-cm-band step terminations in coaxial lines. Figure 
12* la shows a cross section of a polyiron cylinder commonly used for a 
i-in. coaxial line; Fig. 12*16 shows a preferable shape for a ^ or ^in. 
line. In the smaller size the step shown 
in Fig. 12* la is so thin that it is too easi- 
ly^broken. Polyiron has the advantage 
of having a very large attenuation con- 
stant for microwaves; consequently, 
polyiron terminations can be made rela- 
tively short. Moreover, polyiron 
terminations can be made for use at 
wavelengths considerably longer than 
microwaves. This material has the disadvantage, up to the present, that 
its microwave properties vary considerably from batch to batch, and the 
dimensions often need to be corrected when units are made from a new 
batch. Typical data on two coaxial poly iron terminations are' given in 
Table 12*1. 


///'/' y A 

' U.i / i A* 


(o) 

Fig. 12-1.- 
iron cylinder 


( 6 ) 


-Cross section of poly- 
for (o) large and (6) 
small coaxial lines. 


Table 12- 1. — Data on Two Coaxial Polyiron T?:rminations 
( rowlev* material MP-1826 


5(l-ohm, J-in. coaxial line 
A « 0.511 in. 

B = 0.295 in. 

VSWR < 1.10 from 9 to 11 cm 

♦ Henry L. Crowley Co., West Orange, N. J. 


50-ohm, jVin. coaxial line 
C = 0.188 in. 

D = 0.228 in. 

VSWR < 1.10 from 3.1 to 3.5 cm 



(a) (5) 

Fio. 12*2. — Tolerance study on a J-in. coaxial-line polyiron load of Fig. 12Ta. For curves 
a, dimension A =» 0.611 in., dimension B for the various curves as follows (a) 0.220 in., (6) 
0.260 in., (c) 0.295 in., (d) 0.360 in., (e) 0.400 in. For curves b, B — 0.295 in., A equals 
the following: (a) 0.670 in., (6) 0.630 in., (c) 0.611 in., (d) 0.600 in., (c) 0.480 in. 
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The tolerances on the step dimensions must be very small, even for 
loads made from a given batch of material. The graphs shown in Fig. 
12*2 offer an indication of the criticalness of the dimensions. Such 
families of tolerance curves have proved to be very helpful in establishing 
dimensional corrections for a new batch of the material. Unfortunately 
polyiron is not an easy material to machine. Diamond-dust grinders and 
Carboloy-tipped drill bits and lathe tools are needed to cut it. An 
effective ventilating system is required to protect the machinist from the 
iron dust. Attempts have been made to match coaxial-line polyiron 
loads by machining conical tapers at the front ends of the pieces, but low 
standing-wave ratios with acceptably short taper lengths have not 
been obtainable. 

Impedance data for cylinders of polyiron in 50-ohm, J-in. coaxial 
line (see Table 12*2) show that the impedance of the various materials is 

remarkably independent of wave- 
length. Although a termination of 
this desigq has not been built and 
tested, the tabulated data suggest 
that a broadband device could bo 
made according to the construction 
shown in Fig. 12*3. The conical 
taper should be at least one-half 



Fig. 12-3. — Proposed broadband polyiroii 
coaxial termination. 


wavelength long. There is a very 
good correlation between the degree 


of mismatch of the materials and the loss per unit length of the materials. 


For example, the attenuation constants for MP-1548, M P-1826, and AIP- 


1822 are 20, 60, and 110 db/in. respectively. 


Table 12-2. — Impedance Data for Cylinder of Polyiron in 50-ohm, J-in, 

C'oAxiAL Line 


Crowley material 

Z/Zq »t 11.5 cm 

Z /Z{) at 10. 1 cm 

Z/Z^ at 8.9 cm 

MP-1826 

0.39 - iO.16 

0.38 - 70.15 

0.39 - 7 O. 2 I 

MP-1822 

0.14 - j0.09 

0.13 -70.09 

0.13 - 7 O.I 6 

MP-2884D 

0.42 -i0.18 

p.39 - 70.20 

0.39 - 7 O .25 

MP-1529B 

0.42 -70.08 

0.41 - 7 O.IO 

0.43 - 7 O.IO 

MP-1548 

0.53 -70.16 

0.52 - 7 O.I 9 

0.49 - 7 O.I 6 

MP-2875D 

0.47 -70.04 

0.45 -jO. 09 

0.46 - 7 O.O 9 


A design for i-in. coaxial-line termination which shows promise of 
extreme bandwidth employs a short length of metalized-glass center 
conductor in a line with appropriately stepped or tapered outer con- 
ductor. Thus far it has been found possible to cover a bandwidth of 
7.5 to 30 cm with a maximum VSWR well below 1.20. Such a design is 
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based on the following considerations. The impedance Z of a coaxial 
line with shunt conductance and series resistance losses is given as a 
function of distance along the line x by 

^ = {GZ^ -R)+ MCZ^ - L), (1) 


where (7, L, and C are respectively the resistance, the conductance, the 
inductance, and the capacitance per unit length of line, and w is the 
angular frequency. If it is desired to select a line taper such that Z 
will have no reactive component, Eq. (1) demands that 

Z = (2) 

Equation (2) dictates the spacing of the conductors as a function of x. 
If an inner conductor which is a dielectric rod coated with an extremely 
thin resistive film is considered, it may be said that G = 0, and Ry 
})ecause of the thinness of the film, is essentially frequency-independent. 
If the line is tapered by changing the diameter of the outer conductor 6, 
while keeping the diameter of the inner conductor a constant, then 

Z{x) = -Itx = 60 In 

z 

where x = 0 when b = a and 0 = 0, 
or 

Rx 

b{x) = ae 

Therefore, if the outer conductor is tapered to make contact with the 
inner conductor at the end of the termination, and if the taper length I 
is chosen to be 


the termination should absorb all incident power without reflection at 
all frecpiencies. Also, the power dissipation will be constant along the 
length of taper. It should be noted that, according to Eq. (3), the 
total resistance of the film should be equal to the characteristic impedance 
of the lossless coaxial line. 

If, for constructional reasons, it is impossible to continue the taper 
until the outer and inner conductors meet, other means to terminate the 
tapered line may be used. For example, if the line is terminated in a 
short circuit, the impedance of the termination is given by^ 

1 E. Feenberg, ‘‘Resistance Attenuators and Terminations,^' Sperry Report 117, 
Apr. 10, 1943. 
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where 


= V 


rjoe 


JVo 


e+irti 


/ h-^"' 

Jo V 


Vo = 


4wX(i 


»? = - 


4tx 


( 4 ) 


and the short circuit is placed at x = Xo. The real and imaginary parts 
of Eq. (4) for various values of vo may be plotted, and that point at which 
the short circuit should be placed in order to make Z real and equal to Zo 
may be observed. This construction is not as inherently broadband as 
the first construction mentioned, nor is the power dissipation constant 
along the length of taper. 

12*2. Low-power Waveguide Terminations with Polyiron, — The 

variety of low-power waveguide terminations exceeds that of coaxial 
loads. Those to be discussed are grouped according to the materials 
used in their fabrication. 



Fiq. 12-4. — A well-iiiatri»ed polyirori termination for 3- by 1-iii. wavoKiiido. 

An excellent polyiron termination has been made for ^ -by 1 in. wave- 
guide, using Crowley material M P-2884 D, or Chromet 4. It has been 
found that the double-slant taper used in this construction (see Fig. 12-4) 
is better than a single taper to either the narrow or the wide side of the 
waveguide. It has a VSWR less than 1.01 over the 3.13- to 3.53-cm band. 
A similar termination, made from the same material, has an equally good 
impedance match in 1.25-cm-band waveguide. Polyiron waveguide 
terminations are capable of greater power dissipation than most of the 
terminations of other t 3 q)es that are to be considered, but the size and 
weight of a polyiron termination make it impractical for waveguides 
as large as those used at 10-cm band. 

The step-matched polyiron piece shown in Fig. 12*5 may be used 
either as a load or as a bilaterally matched 40-db attenuator in i- by 1-in. 
waveguide. It is made from Crowley material MP-2312 (D-1). Its 
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VSWR specifications are 1.02 or less at 3.3 cm, and 1.06 or less at the 
edges of a ±6 per cent wavelength band centered at 3.3 cm. As was 
shown to be true in the case of coaxial-line polyiron matching steps, the 
waveguide matching steps are also dimensionally critical. Furthermore, 
small dimensional corrections are usually necessary when loads are 
machined from a new batch of polyiron material. This must be taken into 
account when designing dies to be used in pressing the polyiron pieces 
into approximately the correct 
shape. A matching step which is 
centered in the waveguide has 
been found to be considerably 
more broadband than an unsym- 
metrically located step which rests 
on the broad side of the waveguide. 

A compact polyiron termina- 
tion for use in a 3-cm-band direc- 
tional coupler has been made from 
a rectangular block of MP-1826 
polyiron, 0.458 in. in width, 0.183 in. in height, and 0.895 in. in length. 
The block is laid across the waveguide, and rests on a broad side of the 
waveguide. The waveguide is short-circuited by a metal plate soldered 
across its end, and touches the polyiron block which has been cemented in 
place. In this design, reflections from the front face of the block are 
canceled by those from the short circuit, and therefore, broadband match- 
ing cannot be expected. The VSWR of the termination is less than 1.15 
over the 3.16- to-3.33-cm band. Such a load is to be recommended only 
when the space limitation is as severe as the impedance-matching 
recjuirement. 



Fio. 12*5. — A step-matohed polyiron termi- 
nation for I- by 1-in. waveguide. 


Table 12-3. — Impedance and Attenuation Data for Blocks of Polyiron in 

BY 1-in. Waveguide 


(Towloy * 
material 

X = 3.13 cm 

X = 3.33 cm 

X = 3.53 cm 

1 ^ 

db/in. 

Z 

db/in. 

Z 

db/in. 

MP-2875D 

0.32 - j0.03 

30 

0.29 -i0.03 

30 

0.28 - JO. 04 

30 

M P-2326 

0.31 ~i0.03 

40 

0.28 -;0.06 

30 

0.26 - JO. 04 

30 

MP-1529B 

0.27 ~i0.02 

60 

0.23 - j0.02 

60 

0.22 - JO. 04 

50 

MP-1548 

0.29 -i0.07 

80 

0.27 -y0.08 

80 

0.26 - JO. 08 

70 

MP-2312 

0.23 -i0.12 

180 

0.22 4-;X).02 

160 

0.20 -hJO 

140 

MP-2884D 

0.20 -i0.12 

180 

0.19 - j.Ol 

170 

0.19 - JO. 02 

150 

MP-1826 

0.21 -yo.i2 

210 

0.20 -VjO 

190 

0.19 - JO. 02 

180 

MP-1842 

0.08 - jO.ll 

220 

0.07 4- iO.06 

220 

0.07 4-J0.03 

220 


Henry L. Crowley Co., West Orange, N. J. 
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Table 12-3 has been included to show the microwave differences 
among various polyiron materials that can be considered for attenuator 
or load design in ^ by 1-in. waveguide. The impedance data were 
more carefully taken than the attenuation data. It is to be noted that, 
in general, the materials with larger conductance values have larger 
attenuation constants. The impedances have small reactive components, 
and while the reactances apparently vary somewhat more with wave- 
length than in the case of coaxial lines (see Table 12-2), the polyiron 
impedances are nevertheless surprisingly independent of wavelength. 

Only scattered and incomplete data are available, but there is evi- 
dence for believing that the voltage standing-wave ratio of a well- 
matched polyiron load is subject to variation with humidity. The higher 
the frequency, the more likely this is to be true. Therefore, it is good 
practice to dry carefully the polyiron pieces in an oven after machining, 
and to impregnate them immediately with a moisture-resisting lacquer. 

12*3. Low-power Waveguide Terminations Which Use Other Lossy 
Materials. — A well-matched termination for a* circular Eq- or i/i-mode 
waveguide can easily be made by machining a long, sharp-pointed conical 
taper on a Durez or soft-pine rod of appropriate diameter. The taper 
length and the rod length for optimum broad-band matching are deter- 
mined experimentally. For example, a Durez 7421 load for an //i-mode 
waveguide of 0.350 in. ID, using a 2.5-in. taper length and a 4-in. over-all 
length, has a VSWR less than 1.01 over the 1.20- to 1.30-cm band. A 
soft-pine Etrlosid for a tube of 1.150 in. ID, using a taper length of 14 in. 
and an over-all length of 28 in., has a VSWR less than 1.02 over the 
3.13- to 3.53-cm band. An appreciable saving in length can be made 
by using a 400-ohms-per-square IRC resistance strip for the load element. 
If this strip is used, a symmetrical V is cut into the end of a rectangular 
strip of the material, so that the taper is toward the wall of the tube 
instead of toward its axis. If a taper length of 6 in. and an over-all 
length of 15 in. are used,*the load VSWR can be held under 1.01 over 
the entire 3.13- to 3.53-cm band. The taper tips must touch the wall 
of the tube. 

Well-matched terminations for rectangular waveguide may also be 
made from tapered IRC resistance strip. The strip is placed in the 
center of the waveguide, aligned in the direction of the electric field, and 
except for the tapered section, touches the two broad walls of the wave- 
guide. The taper may be a single taper which touches one wall at the 
tip of the taper, or a double taper which tapers from both broad walls to 
the axis of the waveguide. A single taper is usually used except in 
flexible waveguide, but terminations of either type can be made which are 
well matched over a broad band. In order to combat the flexibility of 
the strips and to shorten the length required to provide the attenuation 
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necessary for low voltage standing-wave ratios, it is advisable to use a 
combination of two strips side by side, glued together, one shifted with 
respect to the other. Figure 12*6 illustrates these designs. The strips 
are supported mechanically by the short-circuiting block at the end of 
the waveguide. 

If loads are made from IRC strip, care must be taken to obtain smooth 
edges, and to avoid chipping off the resistive coating. This can be done 
by using a shearing cutter similar to those used for cutting paper and 
sheet metals. It may be necessary to remove rough edges and chips by 
hand-smoothing the taper on emery cloth or sandpaper. The taper 



(1) (a) Single tapers (2) 





(6) Double tapers 


Fig. 12*6. — Various designs of lUC resistance loads for rectangular waveguide. 

length is not critical except at wavelengths which are near the cutoff 
wavelength of the waveguide. Typical tolerances call for ± in the 
taper angle, and ± ^ in. in taper length, at 3-cm band. In general, the 
tolerances become larger as the taper length is increased. In all single- 
taper designs the end of the taper must rest flat against the waveguide 
wall. A small clearance, a few thousandths of an inch, is allowable 
between the other edge of the strip and the wall. The vertical position of 
the tip in the double-taper designs is not critical. 

A taper length of one-half guide wavelength or slightly longer is 
satisfactory for single-taper designs. The attenuation per unit length 
A of an IRC strip in rectangular waveguide decreases linearly with 
increasing resistivity measured in ohms per square. The following 
formulas have been determined empirically, and have been checked 
experimentally for the range of 100 to 800 ohms per square. For 
Xo == 3.3 cm, 1- by i-in. waveguide, 0.050-in. wall, 

A = 15.7 - 1.5 db/in. 

For Xo = 10.0 cm, 3- by l^-in. waveguide, 0.080-in. wall, 



db/in. 
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The over-all lengths of single-taper loads can be estimated by using 
these formulas and assuming that the attenuation contributed by the 
taper is one-half that of an equivalent length of strip which completely 
fills the waveguide. This assumption has been verified experimentally. 
It is advisable to allow a small additional length to compensate for the 
change of attenuation with wavelength. Table 12*4 summarizes the 
designs involving these strips. Reference should be made to Fig. 12-6 
for the significance of the various dimensions. 

A very compact termination from IRC strip material can be made 
by completely blocking off the waveguide with a strip placed normal to 
the axis of the waveguide. The waveguide is short-circuited at an 
experimentally determined position which is effectively one-quarter 
guide wavelength behind the resistive strip. If a 600 ohms per scpiare 
strip in 1- by i-in. waveguide is used, it is possible to obtain a load VSWR 
less than 1.2 over a ±6 per cent band. At the design wavelength, the 
VSWR can be brought below 1.05. The strip is introduced through a 
slot in the narrow side of the waveguide, and cemented in position. 


Table 12*4. — Summary of IRC Strip Loads in Rbctanoular Wavkgi idk 


Line size 

Strip material 

Band, cm 

VSWR 

over 

band 

Li 

Dimon.sions* 

u u 

X 

1 i-in. by 3-in. OD 

400 ohms 

8 to 10.5 

<1.01 

4i in. 


10 in. 


0.080-in. wall 


i 






Same 

400 ohms 

8 to 11.1 

<1.02 

4<1 in. 


10 in. 


Same 

400 ohms 

8 to 11.1 

<1.01 

Al in. 


10 in. 


Same 

400 ohms 

8 to 12 

<1.02 

4J in. 


10 in. 


Same 

OOO-ohms long strip 

9 to 11.1 

<1.01 

4i in. 

45 in. 

8 in. 

2i in. 


400-ohms short strip 







Same 

600-ohms long strip 

8 to 12 

<1.03 

4 4 in. 

41 in. 

8 in. 

2i in. 


400-ohms short strip 







J-in. by 1-in. OD 

100 ohms 

3.13 to 3. 53 

<1.01 

3i in. 


5 in. 


0.050- in. wall 

• 







t-in. by IJ-in. OD 

100 ohms 

3.13 to 3.53 

<1.01 

2i in. 


5 in. 


0.062-m. wall 









* Refer to Fig. 12-6. 


The IRC strip material can be easily damaged by the high tempera- 
tures associated with excessive average-power dissipation or soldering 
operations on the metal casing. It is usually easy to recognize an over- 
heated strip by the small welts that rise on the resistive film. Because 
of this limitation it has been necessary in certain load designs for direc- 
tional couplers to use other materials such as Uskon cloth, and Synthane. 
Uskon cloth of 6-ply lamination can be cut into a single-taper load 
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resembling the IRC strip loads shown in Fig. 12*6. In this application 
the material has an attenuation constant of approximately 30 db/in. at 
3-cm band and 10 db/in. at 10-cm. band. Reasonably short taper lengths 
provide VSWR^s less than 1.10 over a ±5 per cent band. In addition 
to its ability to withstand higher temperatures than the IRC strip 
material, Uskon is more durable with respect to shock and vibration. 
However, the electrical properties of the material appear to vary con- 


Top 




Fig. 12’7.— a me tali zed-glass load for 1.25-cm waveguide. 


0.160" 

“T 


siderably from batch to batch. At high relative humidities the 6-ply 
cloth tends to split apart. The application of a silicone lacquer coating 
to the cloth would probably prevent this, but it has not yet been tried. 
Synthane is a material similar to Uskon, but it is mechanically stiffer 
than Uskon cloth of the same thickness and resistivity. 

12‘4. Low-power Terminations Using Metalized Glass. — A thin, 
evaporated Nichrome film sandwiched between a glass-plate support and 
a thin protective magnesium fluoride film can be used in place of the IRC 
strip material. It is more expensive than the IRC material although a 
preferable substitute since it has good mechanical rigidity and is unaf- 
fected by moisture, and aging. Figure 12*7 shows a 1.25-cm-band load 
of this type which has a VSWR less than 1.01 over the 1.215- to 1.285-cm 
band. 

In developing this termination, tests were made first with a No. 774 
Pyrex glass plate of 0.038 in. thickness. A film resistivity of approxi- 
mately 300 ohms per square was found to be optimum according to 
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impedance-matching data taken with an untapered film. However, the 
taper length and over-all length required to meet a VSWR < 1.01 specifi- 
cation were found to be excessive, and not at all compatible with the 
mechanical strength of such a thin glass plate. In order to increase the 
mechanical strength, a thicker, soft-glass plate was tried. The thicker 
plate has a second advantage in that the guide wavelength is reduced 
because of the larger permittivity of soft glass as compared with Pyrex. 
If no detrimental field distortion is incurred, a reduction in the necessary 
taper length can be expected. Similar reasoning may be applied to the 
film resistivity. Although a film resistivity close to the characteristic 
impedance of the waveguide will, in general, match better than a smaller 
resistivity, its rate of attenuation will be much smaller. It may there- 
fore have to be made objectionably long in order to provide sufficient 
attenuation to eliminate effectively reflections from the short circuit of 
the mechanical holder. The final soft-plate design is that shown in Fig. 
12*7. The film resistivity is 110 ohms per square. Note that the strip 
is not centered with respect to the waveguide, but is displaced to the side 
where it has been found experimentally that lower voltage standing-wave 
ratios can be obtained. 

12*6. High -power Coaxial -line Loads. — The first high-power 10-cm 
load made in i-in., 50-ohm coaxial line used Aquadag-coated sand as a 
dissipative medium. Two quarts of 20 to 30 testing sand^ are stirred 
thoroughly in a fluid suspension consisting of i pt. of Aquadag in i 
gal. of water. The heavily-coated sand is then drained and allowed 
to dry in shallow trays at an elevated temperature. A 50-50 mixture 
of coated and uncoated sand is used as a filling material for the load. 
It is necessary to prepare a reflectionless, temperature-resisting bead to 
hold the sand within the line. Of the several bead designs investigated, 
the best appeared to be a iV-in.-thick steatite washer which is held in 
place by Insalute Cement applied around its edges. After installation 
of the steatite bead, the sand is poured in from the rear end of the line 
and compacted by gentle tamping. A metal end plug is then soldered 
in place to terminate the line. In order to preserve the characteristic 
impedance of the line in the region of the sand which has a relatively high 
permittivity, the inner conductor of the line is undercut throughout the 
entire 9-in. length occupied by the bead and sand mixture. If a dozen 
3-in. -diameter radiating fins equally spaced along the sand-filled section 
of line are used, it is possible to dissipate 60 watts average power and 
50 kw pulse power. Unfortunately, the load was difficult to reproduce 
and the reject percentage was high even for a lenient maximum VSWR 
specification of 1.10 or less over the 8.5- to I1.5-cm band. 

The sand load just described suffers in two respects because it does 

^ Ottawa Silica Co., Ottawa, IlL 



Sec. 12 - 5 ] 


HIGH-POWER COAXIAL-LINE LOADS 


733 


not make use of steps or of a continuous taper at its input end. Steps or 
a smooth taper facilitate impedance-matching and tend to allow a more 
uniform power dissipation along its length. In contrast, the sand load 
gets very hot at its input end where half of the power is dissipated in the 
first 3 db of attenuation. It may easily be shown that if the power dissipa- 
tion is to be uniform along the length of the load, the attenuation constant 
must vary with position along the line according to the following 
formula 


« = 10 logio (5) 

where y = 0 at the short-circuited end of the load, and where the total 
length of the load is large compared with the unit length. The formula 
may be applied either to steps or to a smooth taper. - For example, if 
matching steps are used, the attenuation for successive steps of equal 
length, counting backwards from the short-circuited end of the load, 
should be CO, 3 db, 1.8 db, 1.25 db, 1.0 db, and so forth, for as many 
steps as are to be used. The inclusion of additional steps does not alter 
the attenuation per step of the rear steps. Equation (9) offers an 
alternative expression for the attenuation constant of a line continuously 
tapered for uniform power dissipation along its length. This equation, 
unlike Eq. (5), had no restriction on the magnitude of a ^^init length” 
as compared with the total length of the load. This equation is useful 
primdpally in step-matched constructions. It is customary to step or 
taper toward the outer rather than toward the inner conductor, since 
the outer conductor can more effectively carry away the heat developed 
in the load. Furthermore, a rough lip on the taper edge has less effect 
on the voltage standing-wave ratio of the load if the taper is carried to 
the outer conductor where the fields are weak rather than to the center 
conductor. 

Figure 12*8 shows a i-in. coaxial-line load which makes use of a 
straight, conical taper to the outer conductor. The load material first 
used with this design was polyiron made resistant to high temperatures 
by a ceramic binder. However, it was impossible to mold the taper lip 
properly, and the machining of such a taper into polyiron was objection- 
ably difficult in production. Consequently, it became necessary to 
choose another load material, and the final choice was a mixture of 
powdered flake graphite (Dixon^s No. 2 grade) and X-Pandotite cement.^ 
A mixture of 40 per cent graphite and 60 per cent cement by weight is ball- 
milled for two hours, care being taken to keep the cement dry to ensure 
satisfactory milling. Water is then added to the mixture — two parts 

^ X-Pando Corporation, Long Island City, N.Y, 
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of water to five parts of powder, by weight — and the whole is mixed 
thoroughly. The mixture is poured into a coaxial mold and allowed to 
set, partially before the tapered center mold is withdrawn to permit 
hard setting over a 24-hr period. The outer cylinder of this mold 
is the outer conductor of the load line. Then follows a 6-hr oven- 
drying treatment at 200®C. After the center conductor of the line is 
installed, the load material is impregnated with a fluid Dow-Corning 
resin No. 2102, allowed to air-dry for a few hours, and then oven-baked 
at 200® to 250®C for a period of 8 hr. At the end of this baking treat- 



Fig. 12-8.- — Sketch of a graphitc-ceuient high-power coaxial-lino load. 


ment, all toluene from the resin should have evaporated. Benzene 
may be used to clean any resin from the coaxial-line coupling. The 
brass casing is painted with a dull black finish which is capable of with- 
standing a temperature of 200®C. The cement adheres Avell to the brass 
casing, and does not crack at temperatures of approximately 200®C. 
The load is rated at 100 watts average and 200 kw pulse power. The 
production VSWR specifiaation is less than 1.10 over the 8-to-12-cm 
wavelength band. Laboratory-built models were all well within this 
specification. The high-temperature drying and the resin impregnation 
of the cement are essential, since absorbed water in the load has been 
found to affect appreciably the attenuation constant and to alter the 
impedance match. 

Some helpful hints can be offered to facilitate the design of matching 
tapers for lines (coaxial or waveguide) which are filled with an attenuating 
dielectric. If the experimentally determined wavelength for smallest 
voltage standing-wave ratio for a given taper is longer than the wave- 
length at which optimum match is desired, a shorter taper and a material 
of higher conductivity (therefore larger attenuation constant) should be 
used in the line. Conversely, if the taper matches best at a wavelength 
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shorter than the design wavelengtli, a longer taper and a material of 
smaller attenuation constant should be used. 

12*6, High -power Waveguide Loads. — In the microwave region more 
work has been done on high-power waveguide loads than on coaxial 
loads. There are several reasons for this. Waveguide has a greater 
pulse-power capacity than coaxial line, the skin loss in the metal walls 
of the line is smaller in waveguide than in a coaxial line, and the shortest 
wavelengths in the microwave region demand an unmanageably small 
coaxial line which is much more difficult to build than an appropriate 
rectangular waveguide. For these reasons there has been a growing 
trend, particularly for high powers and short wavelengths, to use wave- 
guide loads. 

A sand load for the 10-cm band in waveguide by 3 in. by 0.080-in. 
wall has been made from the same sand mixture used in the previously 
described coaxial-line high-power load. Impedance-matching is obtained 
by tapering the input end of the sand load, holding the sand in the 
tapered position by a i-in. Transite plate which is made fast by Insalute 
cement. The taper is from narrow wall to narrow wall of the wave- 
guide; the taper length, measured in the direction of the waveguide, is 
12 cm. The load has a VSWR less than 1.1 over the 8.5- to 11.5-cm 
band, and is rated for 300 watts average and 300 kw pulse power. The 
power limitation of the load is the inability of the Transite material 
to withstand high temperature. The waveguide tapered sand loads 
have more reproducible impedance characteristics than do the coaxial 
sand loads, but all of them suffer from varying impedance as the moisture 
absorption of the sand changes. Moreover, their construction permits 
shock and vibration to break the sand seal, or even to change the match 
of the load because of a change in the compactness of the sand. A 
similarly constructed load for 3 cm with a thick sheet of mica replacing 
the Transite plate, has a VSWR less than 1.1 over a ±5 per cemt band. 
It is rated for 70 watts average and 150 kilowatts pulse power. 

The Bell Telephone Laboratories have produced a satisfactory 
porcelain-silicon load^ for use in |-in.-by-li-in. waveguide. A com- 
bination of 30 per cent silicon in porcelain provides an attenuation of 
50 db for a 6-in. length of load, 4| in. of which is a continuous linear 
taper from one broad side of the waveguide to the other. Silicon 
is not readily obtainable, but 220-mesh silicon carbide has been found 
to be a good substitute. This material withstands high temperatures 
without oxidation, and has good thermal shock and thermal conduc- 
tivity characteristics. Because of the relatively large (10 per cent) 
shrinkage when the mixture is fired at 1250®C, the fired ceramic 

^ S. O. Morgan, “Ceramic Attenuators for Dummy Loads,*' BTL MM 44-120-36, 
Mar. 1, 1944, p. 2. 
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pieces must be ground to exact dimensions. The grinding operation is a 
rather tedious one, particularly in the vicinity of the taper tip. If the 
taper is sufficiently long, the standing-wave ratio depends primarily 
on the thickness of the tapered edge. Although it is desirable to make 
this edge as thin as possible, it is not feasible to grind it to a feather 
edge because of excessive breakage in manufacture and use. As a 
compromise, an edge thickness of it in. was chosen. The VSWR of 
such a load can be less than 1.05 over an appreciable bandwidth. It is 
capable of dissipating 200 watts average and 200 kw pulse power. The 
ground ceramic pieces may be cemented into the waveguide with Insalute 
cement or Pliobond. 

The most novel, and probably the most satisfactory, method of 
constructing a waveguide high-power load is to use waveguide walls 
which are poor conductors instead of using attenuating material which 
fills the waveguide. Such a construction facilitates a more effective 
removal of the heat generated in the load, and is not as subject to pulse- 
power breakdown (arcing) as are the designs which use filling materials 
in the waveguide. It has been shown experimentally that satisfactory 
impedance-matching can be obtained with this construction. Also, 
the waveguide walls may be tapered in order to effect a reasonably 
uniform power dissipation along the length of the load. The conditions 
under which a good impedance match in waveguide may be expected can 
be determined by comparison of the waveguide with a low-frecpiency 
transmission line. 

The characteristic impedance of a dissipative transmission line is in 
general a complex quantity given by 






R + joiL 
G + ia,C 


However, 2o is real and equal to y/L/C, the characteristic impedance 
of a nondissipative line of the same size, if 


R 

L C 


( 6 ) 


The series resistance losses are proportional to the square of the current, 
and hence are proportional to the square of the magnetic field strength. 
The shunt conductance losses are proportional to the square of the voltage 
in the line and hence proportional to the square of the electric field 
strength. From these facts it can easily be shown that the condition 
expressed by Eq. (6) is equivalent to the statement that the series resist- 
ance losses are exactly equal to the shunt conductance losses in the dis- 
sipative medium. 
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The L and C of a line depend to a certain extent on R because of 
the skin effect which changes the dimensions of the line. Equation (6) 
is easily applied to the matching of a dissipative to a nondissipative 
line at low frequenci^, since the dimensional adjustments necessary to 
make the ratio VX/C of the dissipative line equal to that of the non- 
dissipative line do not produce appreciable reflections. When the line 
dimensions are comparable with the wavelength, however, geometric 
discontinuities have an appreciable effect. Although it has not been 
possible to derive the condition for impedance match from theoretical 
considerations, it is likely that this relation is given by 


_ 2a _ L ' 2b 

X X \ a 


( 7 ) 


Table 12*5 shows values of the parameters calculated from this equation. 


Table 12-5. — Application of Eq. 12-7 to Several Standard Waveguides 


Waveguide, 

in. 

hj in. 

a, in. 

Xr, cm 

x,/\ 

Calculated X, 
cm 

1} X 3 

1.340 

2.840 

14.4 

1.40 

10.3 

i X 1 

0.400 

0.900 

4.57 

1.38 

3.32 

J X h 

0.170 

0.420 

2.13 

1.35 

1.58 


Data taken on loads of this type have verified the usefulness of Eq. 
(7) as a design formula. A typical 10-cm laboratory-made load gave 
VSWR^s of 1.015 at 10 cm, 1.04 at 8 cm, and LOG at 12 cm. A typical 
3-cm laboratory-made load gave VSWR^s of 1.01 at 3.3 cm, and 1.025 
at 3.1 and 3.5 cm. A load in i- by-i in. waveguide gave a X SWR of 
approximately 1.07 at 1.25 cm, and progressively lower values as the 
wavelength was increased toward 1.58 cm. No oscillator was available 
that would operate in the wavelength range for which the voltage stand- 
ing-wave ratio was a minimum. It has been observed that the input 
impedance of the lossy waveguide at the calculated wavelength is very 
nearly resistive, but slightly greater than unity. This can be accounted 
for by the effective increase of the 6/a ratio caused by an appreciable 
skin depth in the dissipative walls of the load. 

Figure 12*9 shows the broad-side and narrow-side views of the 3-cm- 
band load with dissipative walls. The 10-cm-band load has a similar 
construction. The dissipative material used in this design is a mixture 
of 35 per cent Portland cement and G5 per cent Dixon’s No. 2 powdered 
flake graphite. It should be noted, however, that Eq. (7) assumed no 
specific dissipative material. The choice of Portland cement and graphite 
is dictated not so much by an impedance-matching consideration as by 
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considerations of thermal shock, durability of the load, the adhesive 
bond of the material to the metal walls of the waveguide, and ease of 
casting the mixture. Excessive graphite results in a crumbly material; 
too little graphite makes the attenuation constant too high. 




Fio. 12-9. — Construction of a 3-cni-hand waveguide high-power load that usc*s attenuating 

walls. 

The graphite-cement mixture is ball-milled for at least two hours and 
is then thoroughly mixed with water in the proportions of three parts 
water to four parts of dry mixture, by weight. A properly shaped center 
mold is inserted into the load casing, and the graphite-cement-water 
mixture is poured into the back end of the casing so as to fill the space 
between the waveguide walls and the center mold. The load should 
be shaken during the casting process to facilitate the removal of air 
bubbles. After the cement has set for approximately 4 hr, the center 
mold may be removed. After an additional 48-hr setting period, 
the load is allowed to dry for 6 hr in an oven at 200®C. This is followed 
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by impregnation with Dow-Corning Resin No. 2102. The baking of 
the impregnated load to remove the toluene, and the associated steps in 
this process are conducted according to the procedure outlined for the 
coaxial high-power load. It is extremely important that the transition 
between metal wall and graphite-cement wall inside the load should be 
smooth. No gap can be tolerated and small steps at the junction 
should be filed off. 

If the transition has been made smoothly, as has been emphasized, 
the load accomodates, without breakdown, pulse-power levels almost as 



i'lo. 12- 10. — Pliotograph of tho lO-cm-hand and 3-crn-band dissipative- wall high-power 

loads. 

great as those which the nondissipative waveguide accepts. Production 
specifications, however, have been made more lenient. The 10-cm-band 
load is rated for 2 Mw pulse power and 1 kw average. The 3-cm-band 
load is rated for 0.5 Mw pulse power and 0.2 kw average. As may 
be seen from Fig. 12T0, ample radiating fins are used to dissipate the 
h('at generated in the load. Production voltage-standing-wave-ratio 
specifications have also been made rather lenient. The 10-cm-band 
load must have a VSWR less than 1.1 from 8 to 12 cms. The 3-cm-band 
load has a similar specification of 1.1 or less for the 3.13- to 3.53-cm band. 
The laboratory-made models were considerably better matched than 
these specifications rccpiire. The attenuation constant of the material 
is approximately 2 db/in. at 3-cm band, and 1 db/in. at 10-cm band. 
Experiments indicate that it is unaffected by the input-power level. 

The dimensions of the load should be adjusted, in so far as it is possible, 
to obtain a uniform power dissipation on all four walls of the waveguide 
and throughout the length of the dissipative section. It may be shown 
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that the density of power dissipation is constant over the four walls of the 
waveguide when 



( 8 ) 


When this condition is satisfied, the proper h/a ratio becomes equal to 
one-half, which is a very convenient value. It should be noted from 
Table 12‘5 that Xc/X for standard waveguide sizes does not differ greatly 
from the preferred value given by Eq. (8). 

In order to effect uniform power dissipation along the line, it is neces- 
sary to vary, in a prescribed manner, the attenuation constant with x, 
the distance along the waveguide. This can be done more easily by 
tapering the walls of the waveguide than by varying the composition 
of the material as a function of x. It is possible to derive an expression 
for the attenuation constant « as a function of x by starting with the 
well-known equation 


dx 




where P* represents the power in the dissipative line at the point x. 
The equation is integrated from x = 0 to x = x, and the constant of 
integration is determined by setting P* = Po when x = 0. Thus 


Pd = 2aPa: = 2aPo exp 



where Pd represents the power dissipated per unit length of line. 


But 


_ 

2Po 


where ao must be a constant if Pa is to be a constant, and is ecpial to the 
value of a at X = 0. This leads to the simplified form 


In ( ~ ) = 2 f a dx, 
\ \«o/ Jo 

The solution to this equation is 

_ cxq 

^ 1 — 2aoX 


(9) 


Equation (9) specifies how a should vary with x, but it is also neces- 
sary to have an expression for a as a function of a and h, the waveguide 
dimensions, if Eq. (9) is to be used effectively. This form is 


a 



where A; is a constant that need not be evaluated. 


( 10 ) 
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At this point, it is wise to summarize the conditions which dictate 
the design of the load. Equation (7) specifies the impedance-matching 
condition. Equation (9) specifies a as a function of x for uniform power 
dissipation along the length of the load, and Eq. (10) dictates the tapering 
of the dimensions a and h in order to meet the condition stated by Eq. (9). 
Equation (8) specifies the condition necessary for all four walls of the 
dissipative waveguide to have the same density of power dissipation. 
There is also the additional consideration that the internal shape of the 
load must be such that the center mold used in the casting process can 
easily be withdrawn from the waveguide. 

Since there are essentially only three variables with which to work, 
a, b, and x, all of the desired conditions cannot be met simultaneously. 
The compromises made in the design of the 3-cm-"and 10-cm-band loads 
are the following. Since a low voltage standing-wave ratio is usually 
more essential than uniformity of power dissipation, the linear tapering 
of the dimensions a and b for the first 5 to 8 db of attenuation is made to 
conform with the condition expressed by Eq. (7). The tapering must 
l>e slight in order to avoid bringing the waveguide too near cutoff by 
making the a dimension too small. By taking differentials in Eq. (7) 
it may be shown that, to a first-order approximation, a linear tapering 
of the dimension a demands a linear tapering of the dimension 6. If Eq. 
(7) is obeyed throughout the first few decibels of attenuation, no serious 
effect on the input voltage standing-wave ratio will be noticed if, for 
the remainder of the load, emphasis is given to distributing the losses 
more evenly along the length of the waveguide. In other words, Eq. (7) 
is discarded in favor of Eq. (9) for the remainder of the length. It should 
be noted from Eq. (10) that either a or f> or both may be varied to get 
the value of a demanded by Eq. (9). Most of the variation is taken 
in the h dimension. In the final load design the a dimension is given a 
slight linear taper throughout the entire length of the load, whereas the 
taper on the 6 dimension changes abruptly after several decibels, when 
making the transition from an impedance-matching to a uniform-power- 
dissipation condition. 

The same material used in constructing the dissipative-wall waveguide 
load can also be used for making a filled waveguide load. If the wave- 
guide is properly tilted when the cement-graphite mixture is allowed to 
dry, the desired taper can be automatically cast. As previously men- 
tioned, the filled waveguide load has less desirable electrical charac- 
teristics than the dissipative-wall load; however, it is more easily made. 

A variation on the above theme was introduced in the design of a 
1.25-cm-band waveguide load. It was felt that additional mechanical 
strength and a more gradual power dissipation could be achieved by 
introducing loss only in the narrow sides of the waveguide. Further- 
more, lower voltage standing-wave ratios are possible in this design 



742 


RESISTIVE ATTENUATORS 


[Sec. 12-6 


because, as has been shown, the dimensions of standard 1.25-cm-band 
waveguide are not correct for impedance-matching at 1.25 cm if all 
walls of the waveguide are made to attenuate. To increase the mechani- 
cal strength of the load, the use of a continuous lossy wall was abandoned 
for a lattice structure in which sections of dissipative material ^ in. 
long are separated by sections of conductor ^ in. long. The attenuation 



of a load 5 in. long was approximately 20 db. Figure 12- 11, with a broad 
side of the waveguide removed, explains this construction. 

The dissipative material consists of a mixture of a metal powder and 
a cement. Iron powder gave lower voltage standing-wave ratios than 
either nickel or nickel-copper mixtures. Consequently, a mixture of 
iron powder and X-pandotite was chosen as the attenuating material 
for the load. The iron powder is very fine, and presumably has grain 
dimensions which are less than the skin depth in iron at 1.25 cm. To a 
4-to-l mixture by weight of X-pandotite and iron powder (Cenco hydrogen- 
reduced iron) is added enough water to make a workable paste. After 
the load lattice is filled by the cement, the cement is allowed to harden 
for a few hours at 200®C. To protect the load material against moisture 
absorption it is coated with a 2 per cent solution of silicone (Dow-Coming 
Fluid No. 200) in carbon tetrachloride. 
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Production models of the load have a VSWR less than 1.1 over a 
band of ±2 per cent centered at 1.25 cm. The load absorbed, without 
breakdown or other ill effects, the highest pulse power, 115 kw, and the 
highest average power, 35 watts, available at the time of test. At these 
power levels no radiating fins need to be used. 

GENERAL LABORATORY ATTENUATORS 
By E. Weber 

At microwave frequencies, practically all dielectric materials that 
are mechanically satisfactory absorb a considerable amount of electro- 
magnetic power, and therefore, can be used as attenuating materials in 
either coaxial or waveguide transmission systems. 

12-7. Cables as Coaxial Attenuators. — One of the most common, 
and also one of the most practical, dissipative attenuators is a piece of 
high-frequency coaxial flexible cable, usually constructed with a high- 
resistance inner conductor of nichrome wire. A description of cables 
of various types and their general characteristics as transmission lines 
is given in Vol. 9, Chap. 5. The old cables, Avith solid rubber dielectrics, 
had rather high power factors and the losses varied appreciably with 
changes in temperature. The recent cables have solid polyethylene 
insulation, a low-loss dielectric developed in England, which is much 
more stable and varies less with temperature. 

Theoretically, attenuation should vary with wavelength in accordance 
with the form 

.-i + 2, („) 

where p and q are constants; p indicates essentially the conductor losses 
which are proportional to the square root of frequency, whereas q indicates 
essentially the dielectric losses, which are directly proportional to 
frequency. Thus, for the low-loss cable RG-9/U, the coefficients are 
numerically p = 0.392, q = 0.360, for the wavelength X in cm, which 
lead to values of a in db per foot.^ For the high-loss cable RG-21/U, the 
coefficients are p = 2.4, q = 0.81, and indicate the larger contribution 
of the high-resistance inner conductor. The attenuation values were 
obtained at the Radiation Laboratory from measurements made at room 
temperature at two wavelengths, as shown in Table 12*6. The values 
of the coefficients can be used for approximate determination of a at other 
wavelengths down to wavelengths corresponding to several hundred 
megacycles per second. 

^ F. E. Ehlers, “Attenuation of RG-9/U Cable as a Function of Temperature and 
Frequency in the X-Band,“ RL Report 754, June 18, 1945. 
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Table 12-6. — Cable Attenuation ab Function of Wavelength 


Kind of cable 

Type 

Measured attenuation in db/ft 

Coefficients 
of Eq. (11) 

at X * 

10 cm 

at X *» 3.30 cm 

V 

7 

Low-loss cable 
High-loss cable 

RG-9/U 

RG-21/U 

0.16 

0.83 

0.326 

1.60 

0.392 

2.40 

0.360 

0.81 


Table 12-7. — Measured Attenuation Values of Microwave Cables 


Cable type 

Manufac- j 

Characteristic 
impedance Zq 
(ohms) 

Attenuation in db/ft as function of 

turer 

t 

wavelength 

temperature 

D163296 

(obsolete) 

BTL 

50 (nominal) 

9.55/X 

8 . 5 cm < X < 1 1 . 5 cm 
at r * 26®C 

0.74 + 0.0082T 
25°(' <T < 85°C 
at X ” 10 cm 

RG-21/U 

BTL 

52 (approx.) 

2.64/Vx 

8.7cm < X < 12.6cm 
at r « 26‘*C 

0.834 = 0.054X 
{T - TVH)* 

- 40"C <T < 
-1-60®C at X == 10 cm 

RC-21/U 

BTL 

52 (approx.) 

5.3/X 

3.12 cm < X < 3.53 
cm at T “ 26°C 

1.677 - 0.09 X 

{T -f 

~46°C <T < 
89°C at X -3.23 cm 

RG-9/U 

Federal Tel. 
and Radio 
Co. 

52 (approx.) 

1.08/X 

3. 14 cm < X < 3.56 
cm at r = 26°C 

See text 


However, as the empirical formulas in Table 12-7 indicate, the varia- 
tion over narrower wavelength ranges can be simplified with closer 
approximation to measured values. This is particularly true for the 
shorter wavelengths where*the braid of the outer conductor apparently 
influences the attenuation values rather markedly. For this reason, the 
cables must be securely anchored during measurements to avoid flexing. 
It was found that the attenuation could easily be varied from 5 to 10 
per cent by moving the cable; it was also observed that if the cable were 
disturbed at all, a period of several minutes was required to allow the 
attenuation to stabilize. Flexure near the fittings can be particularly 
troublesome and can cause much larger errors in measurement. 

The variation of attenuation with temperature is also indicated in 
Table 12-7 nsofar as reliable results could be obtained. At the shorter 
wavelengths, temperature cycling produces hysteresis effects with 
permanent increases in the attenuation values. Thus, RG-9/U cable 






Sec. 12-81 


FIXED COAXIAL PADS 


745 


showed, after about nine temperature cycles from room temperature to 
65®C, a permanent increase of the losses of about 0.06 db per foot to a 
final value of about 0.40 db per foot. Similarly, a hysteresis effect occurs 
at low temperatures. Moving and shaking the cable after or during 
temperature cycling usually causes a sudden increase in the attenuation 
of about 0.01 db per foot. Such erratic values in the attenuation have 
been attributed to variation in the contact resistance between the braid 
wires, and have been observed only at the highest range of frequencies 
at which these cables can be used, namely at or near 9000 Mc/sec. 

The input impedance of cables was originally chosen to be close to 
the standard characteristic-impedance values of coaxial transmission 
lines. However, the actual value of cable impedance varies from 52 to 
48 ohms for cables with a nominal characteristic impedance of 50 ohms. 
If a cable of 52-ohm impedance is connected to a i^-in. coaxial line of 
49.6 ohms it lead^ to an unavoidable VSWR of 1.047. Careful measure- 
ments have also shown, particularly in low-loss cables, a periodicity 



effect introduced by the production method which causes large and rather 
sharp VSWR maxima of 1.4 or higher at some wavelengths between 
8.4 cm and 10.6 cm. Lesser maxima occur at the harmonic multiples 
of the corresponding frequency. Finally, the input impedance can vary 
appreciably as a function of frequency since the connectors have to be 
considered an integral part of the cable assembly for testing and use. 
The characteristics of cable connectors are described in Vol. 9, Chap. 5. 

Thus, while cable has the unquestioned advantage of simplicity for 
providing attenuation, care has to be exercised in any assumption of its 
attenuation or input-impedance value. It has the added advantage of 
large power capacity, but becomes bulky if large values of total attenua- 
tion are required. 

12*8. Fixed Coaxial Pads. — One of the earliest attenuating materials 
used in the microwave region was Aquadag, a colloidal suspension of fine 
carbon powder. For use in coaxial lines, it is painted on a glass or ceramic 
rod of the same diameter as the inner conductor of a coaxial system and 
then dried in a baking oven at about 100°C. If the rod is furnished with 
standard end bullets and the outer casing with standard couplings for 
the particular line size, a fixed-value coaxial attenuator is obtained as 
shown in Fig. 12*12. The values of attenuation obtainable vary with the 
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thickness of the coating, but it is difficult to control the uniformity of 
the coating as well as its thickness. For attenuations up to about 8 db, 
the voltage standing-wave ratio is generally tolerable, and increases with 
attenuation for a fixed film length. The higher the value of attenuation 
the more dependent it is on frequency; it also depends on humidity and, 
to a slighter extent, on temperature. Although these attenuators, as 
laboratory instruments, are simple and convenient, they are restricted 
to low values of attenuation because of the difficulty of proper impedance- 
matching, and they are not suitable as 
standards because of possible changes 
\vith moisture. 

Attenuators with higher values of 
attenuation in coaxial systems have 
been designed with good matching 
characteristics by combining carbonized 
shunt disks with series rods in 11- or T- 
network fashion. The very close toler- 
ances required in order to achieve 
desirable wideband performance have 
militated against more widespread use of these attenuators. Designs up 
to 500 and possibly 1000 Mc/sec are available at Bell Telephone Lab- 
oratories, and a few models have been built. 

Fixed coaxial attenuators have also been produced by filling the space 
between inner and outer conductor with a lossy dielectric material or 
with a dispersion of conductive particles in a neutral binder. Practically 
all of these materials are described in greater detail in Secs. 1 to 6, 
inclusive, as illustrations of well-matched transmission-line terminal 
loads. For values of attenuation of 20 db of more, the matching* shapes 
which have been described can be directly copied, since the reflection 
from the far end of the attenuator will be insignificant and without effect 
at the input end. For valyes of attenuation below 20 db, the matching 
sections must be modified in order to minimize or eliminate this reflection. 
As in the original design, only procedure by trial and error will lead to a 
satisfactory solution. 

One illustration, Fig. 12-13 shows the construction of a fixed attenua- 
tor pad for a 75-ohm transmission system with linen Bakelite as the lossy 
dielectric.' The matching section is designed for a wavelength of 10 cm 
and a relative dielectric constant of approximately = 4. Instead 
of Bakelite, either mahogany wood or Transite could be used. Both 
the wood and the Transite have about the same loss factor as Bakelite, 
but are even more subject to the influence of humidity than is Bakelite. 

* Used by Sperry Gyroscope C"o., (Jarden City, liOiiR Tslaiid, N. Y. 


- Circular brass tubing 
rO.D. XjJ'wall 
-O-TSO" 



'Linen bakelite 

Polystyrene - 

Fio. 12* 13. — Coaxial attenuator. 
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Of course, a coating of a sealing, moisture-proof varnish can be used to 
reduce the effect of humidity, although usually its effect cannot be elimi- 
nated entirely. 

Other materials that have been used are Durez 7421, which is a 
thermosetting plastic, and various polyiron materials. 

12*9. Fixed Waveguide Attenuators. — A material of a somewhat 
different type is the IRC resistance card, a phenol fiber, approximately 
^ in. thick, on which is sprayed a mixture consisting of graphite and 
a binder; the latter volatilizes when heated to about 100°C and leaves, 
a carbon coating of reasonable uniformity and adequate resistance values 
depending upon the length of baking. It is easy to cut this card material 
into different shapes and to use it, particularly in waveguides, as a power- 



Fio. 12-14. — Waveguide attonu- Fia. 12*15. — Polyiron wave- 

ator. guide pad for 1.25 cm. 

absorbing element. In the form of a tapered vane, it can be placed 
in the center plane of the waveguide parallel to the small dimension and 
used for small power levels as a fixed attenuator. Data on the measured 
attenuation rates, voltage-standing-wave-ratio values for different 
waveguide sizes, and resistance values of the strips have been collected 
in Table 12*4; therefore, the design of simple waveguide pads is relatively 
easy. As has been indicated, the IRC strip might be replaced by a strip 
of Uskon cloth that has better mechanical strength. 

For large power levels it is necessary to use material of greater bulk 
in order to provide proper heat exchange with the ambient air. A fixed 
waveguide pad of approximately 10 db attenuation at a wavelength of 
3.2 cm, in which linen Bakelite is used as the lossy dielectric,^ is shown 
in Fig. 12*14. 

Poly iron materials have also been used very effectively in waveguides 
with stepped cross sections to provide proper matching. The charac- 
teristics of polyiron of several types have been determined (see Table 12*3) 
and therefore, the design of attenuator pads for the wavelength range 
from 3.13 cm to 3.53 cm in a waveguide of inner dimensions 0.400 by 
0.900 in. is relatively simple. For other frequency ranges and other 
waveguide sizes, new designs would have to be made, although the 
values given can serve as a guide. 

‘ Used by Sperry Gyroscope Co., Garden City, Long Island, N. Y. 
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The design of a waveguide pad for the wavelength range of 1.25 cm 
± 1 per cent, with a nominal attenuation of 22 db, is shown in Fig. 12*15. 
The waveguide has inner dimensions of 0.169 by 0.419 in. and the polyiron 
used is material No. 1725. As a bilaterally matched pad, the VSWR 
was held to less than 1.2, but the dimensions had to be met very closely 
in order to stay within these specifications. 

Of course, any lossy material can be used for the design of fixed pads 
as long as provision can be made for matching sections and machining, 

or if other suitable forming proc- 
esses are applicable. 

12*10. Variable Waveguide 
Attenuators. — The simplest type 
of variable attenuator for wave- 
guides is the so-called flap attenu- 
ator, shown schematically in Fig. 
1216. The dissipative element is 
again an IRC resistance card, cut 
along a circle in order to achieve 
good voltage standing-wave ratio. 
A single strip, of resistivity 200 
ohms per square, ^vith the dimen- 
sions shown will give about 10 to 
15 db attenuation in a waveguide 
whose inner dimensions are 0.400 
by 0.900 in. In order to provide 
mechanical rigidity, two resist- 
ance cards of 200 ohms per square 
be glued together back to 



Carbon-coated 
dielect! 


- — hr-* 

\ ifR 

N. I* 




r .1 


i. 




T 


10.400” 

Fia. 12-10. — Variable waveguide attenuator 


of the flap ty.pe. 


can 


back. This 
square and 


results in a combined 
in a somewhat higher 


film resistivity of 100 ohms per 
value of attenuation. Insertion 
into the guide is made, through the broad top side of the guide 
and the vane swings about a hingelike holder. Because of the sim- 
plicity of its construction, an attenuator of this type is probably the 
most frequently used attenuator in test setups where the obvious 
leakage from the slot in the guide is of no particular concern. It is used 
near the oscillator as a buffer attenuator to avoid reaction of the load 
changes upon the oscillator; it is used as a variable buffer in the detector 
section of attenuation-measuring arrangements, but only if it cannot 
influence the input power to the detector through leakage coupling; 
it is also used to adjust power to predetermined levels where the amount 
of attenuation needed is of no interest. Building a casing over the central 
part of the waveguide and driving the resistive-strip holder suitably 
by means of a shaft extending through the casing, has produced calibrated 
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flap attenuators for about 24,000 Mc/sec and with maximum attenuation 
values of 90 db. These flap attenuators, however, were found to be very 
sensitive with respect to exact centering in the guide, parallelism to 
the guide walls, and exact shape of the resistive vane. 

A variation of a flap attenuator of this type is shown in Fig. 12T7 
where the resistance card is cut in spiral shape and is attached to a 
circular metal disk. This disk is centered on a shaft which penetrates a 
leakage-proof casing. The rotation of the shaft might also move a 
pointer or a dial calibrated directly in decibels of attenuation as measured 
against a comparison standard. By properly shaping the resistance 
card, a scale of attenuation which is almost linear can be attained with 



Fia. 12*17. — Attenuating strip moving vertically in guide. 

t- 

rather good voltage standing- wave ratio. Although the construction is 
again simple, lack of mechanical rigidity and the possibility of a slight 
deformation under the influence of temperature and humidity would 
militate against the use of this card as a precision attenuator. Values 
of attenuation up to about 40 db are obtained easily, whereas higher 
values present considerable difficulties. These difficulties result from 
the coupling of the guide with the casing above, which permits much 
of the electromagnetic power to flow through the less attenuating path 
through the casing. 

Instead of insertion through a slot in the guide, a vane can be fitted 
into the guide parallel to the small waveguide dimension as shown in Fig. 
12-18. For mechanical reasons, two resistance cards can be used, cut 
either with tapered matching sections as shown in Fig. 12- 18a or with 
notches as in Fig. 12*186 and glued back to back. Depending on the 
type of drive chosen, considerable accuracy of setting can be achieved.^ 
However, temperature and humidity occasionally cause deformations 
of the strip which make reproducibility and reliability somewhat 
questionable particularly at the high values of attenuation where varia- 
tion with position is very rapid. An illustration of this performance, Fig. 
12*19, shows the attenuation versus position of a vane, as in Fig. 12* 18a, at 

‘ E. I. Green, H. J. Fisher, and J. F. Ferguson, ‘‘Techniques and Facilities for 
Microwave Radar Testing,’’ AIEE Technical Paper No. 46-40, January, 1046, p. 22* 
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the three wavelengths 3.1, 3.32 and 3.5 cm and in a waveguide of inner 
dimensions 0.400 by 0.900 in. It can be observed from this figure, that 
the variation of attenuation with wavelength is large and not very 
systematic and therefore interpolation is very difficult. Another 



W 


Fia. 12-18. — Variable waveguide attenuator of the vane type, (a) tapered vane» (6) 
notched vane, (c) perspective of assembly. 


illustration of performance, Fig. 12*20, shows the calibration curves for 
the notched-end plate of Fig. 12-18 for different widths of the vane and 
for a fixed wavelength of 3.20 cm in a waveguide whose inner dimensions 
are 0.400 by 0.900 in. It is important to observe the critical influence 
of the width of the vane upon the attenuation curve which leads to a 
resonance peak for a width of 0.355 in. at a distance of ^ in. from the 
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side wall. The design of the resistive strips is still an art, and from new 
applications unexpected results can be anticipated. 

It is possible to obtain improved performance with respect to variation 
of attenuation with frequency if two vanes moving simultaneously from 



Insertion into waveguide in 32nd of inch 

Fig. 12’ 19. — Calibration of tapered-end IRC resistive- vane attenuator. 

the opposite small sides of the waveguide toward the center are used. 
The complication in construction is, however, considerable, and the 
increase in total attenuation is not uniform. 


PRECISION METALIZED-GLASS ATTENUATORS 
By E. Weber 

The depth of the penetration of electromagnetic fields into metals 
can be derived by means of Maxwell’s field equations as^ 


d 



where w « 2rf and / is the frequency of the oscillation in cycles pei 
‘ J. A. Stratton, Electromagnetic Theory^ McGraw-Hill, New York, 1941, p. 604. 
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second, n is the absolute permeability of the metal, and (t is its con- 
ductivity. For copper, at microwave frequencies of about 10,000 Mc/sec, 
a depth of penetration of 7 X 10~^ cm is obtained. Very thin metal 
films, appropriately applied to dielectric carriers, can be made of thick- 
nesses of 10~® to 10-® cm; they will then exhibit essentially uniform 
current distribution even at the highest practical microwave frequencies. 



0 1 2 3 4 5 6 7 

Position in inches 

Fio. 12*20. — Calibration of notched-end IRC resistive-vane attenuator for varying widths 

• of the vane. 

Moreover, these metallic films, with glass as a foundation, can be made 
stable, unaffected by humidity, controllable as to resistance, and 
reproducible. 

If these metal films on glass tubing are used as the inner conductor 
of a coaxial system, precision attenuators of fixed values can be obtained 
if suitable ca.sings are provided which permit insertion in a standard 
coaxial line. With a variable metallic shunt path to the film, variable 
attenuators can be obtained which are of particular use as laboratory 
instruments. 

12-11. Electrical Design of Coaxial-pad Inserts. — In the electrical 
design of the coaxial attenuator insert, dimensions and resistances of 
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film sections on insulators must be specified so that the over-all unit 
matches and has the required attenuation. In order to design units of 
various types, it is necessary to refer to the basic principles of transmission 
lines with series loss. 

A section of uniform transmission line, in which the center conductor 
is a thin metallic film on a dielec- 

ft 

trie carrier, has a complex charac- 
teristic impedance with a real part 
greater than the characteristic re- 
sistance corresponding to the di- 
mensions of the lossless line, and 
a capacitive reactive component; 
thus. 


1.0 


1.2 


1.4 


1.6 


1.8 2.0 


^c.^/ 

-M 


R -f“ jo)L 


j!z ^ 

( 12 ) 



where R^ L, and C are the resist- 
ance, the inductance, and the ca- 
pacitance, all per unit length 
(neglecting radiation resistance). 

The quantities u and v then are, 
respectively, the resistive com- 
ponent and the reactive compo- 
nent of the impedance normalized 
mth respect to the geometric char- 
acteristic resistance, Zo = \/L/C, 

If the quantities u and v are considered as functions of the resistance 
per unit length, they are related and define a curve on the impedance 
chart. For convenience, let 

R 7?Xo 


Fig. 


12*21. —Normalized impedance chart for 
a line with series resistance. 


coL 


27rZo 


where Xo is the wavelength for the lossless line in which 7^ = 0. If the 
substitution^ 

X = sinh 20 (14) 

is used, there is obtained from Eq. (12) 

u = cosh 6 and v = sinh S. (16) 

From this, it is seen that the real part of the characteristic impedance is 
always greater than the lossless (R = 0) characteristic resistance. The 
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locus of the normalized complex characteristic impedance, for a portion 
of the impedance chart, is shown in Fig. 12*21, with values of the param- 
eter X indicated along the curve. For greater accuracy, special tables^ 
of the functions in Eqs. (14) and (15), or conventional tables of the 
hyperbolic functions, may be used. 

Similarly, the general expression for the propagation constant of a 
uniform transmission line can be reduced to functions of u and v, 

y = \/j(aC(R + io)L) = jo) x/LC ^ ^ = Y 

With the general form y = a + the attenuation constant becomes 

2ir 

a = ^ V nepers/meter, (17) 

Ao 

and the phase constant becomes 




(18) 


where K = Xo/ti is the actual wavelength in the resistive line, which is 
thus always shorter than the free-space wavelength. 

Therefore, if any one of the three quantities, x, w, or v, and the 

lossless wavelength Xo are known, 
the calculation of the normalized 
line characteristics — characteris- 
tic impedance Zc, attenuation 
constant a, and phase constant 
0 — necessary for the design of the 
attenuator, can proceed. In fact, 
from Eq. (17) an expression for the attenuation per wavelength (meas- 
ured in the lossless line) can be obtained 



Zc-Zq (5-jof) 


1 

V 



) Power 




f 

(D 


Fig. 12-22. — Schematic diagram of single 
metal-film section. 


a == Xoa = 2irr. (19) 

This expression can be considered as a measure of all the design param- 
eters, and it determines the performance that may be expected of an 
attenuator. 

Let us assume first a single coaxial-line section of length s with metal 
film as shown schematically in Fig. 12*22, and with the same diameter 
ratio of conductor surfaces as the lossless line, so that the same geometric 
impedance holds for all three sections. From transmission-line theory, 
the expression for the input impedance to the film section is found to be 


Z = 


1 - „ 
1 + 


( 20 ) 


^ R. W. P. King, Electromagnetic Engineering^ Vol. I, Appendix II, McGraw-Hill, 
New York, 1945. 
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where the reflection coefficient at the junction of lines (2) and (3) is 
defined by 


-R 23 = 


Zc — Zq 
Z c + Zo 


The over-all reflection coefficient at the beginning of the film section . 
becomes 


Zq — Zl _ Ri2 “ 1 " RisC 
Zq + Zl 1 + RiiR2ze~^'^^ 


( 22 ) 


where Ru is the (fictitious) reflection coefficient at the junction of lines 
(1) and (2), if line (2) is assiAned of infinite length (or properly termi- 
nated) ; namely, 


7^12 = 


Zq — Zc 
Zq + Zc 


By symmetry, Rn — R^z* Very frequently, especially in the design 
of attenuators, 

\R 12 R 2 z * < 0 . 01 , 


and therefore, the approximate and very much simpler form 


Rl ^ Ri2 “t“ RiZ ' C 


(24) 


can be used without appreciable loss in accuracy. 

The design of the single metal-film section, which has a given attenua- 
tion A = as and an ideal match = 0, can now be attempted. From 
Eq. (24) together with Eqs. (21) and (23), there results, for Rl = 0, 

=1, 2ys = j2ir] 

and with Eqs. (17) and (18) 



'V+j4 



u 




which leads to t; = 0, u = ^Xo/s. The exact solution is trivial, namely, 
= 0. However, if the condition on the match is relaxed to 
permit an input VSWR of 1.02, I^lI = 0.01, and therefore 

1 - e-=>* = 0.01. (25) 

^0 T" 

If the value of Zc from Eq. (12) and of y from Eq. (16) are introduced, 
there is obtained, for the condition for match, 


(1 - u)* + 
(1 + u)» + 




0.01, (26) 
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while for the total attenuation Eq. (17) gives 

= as = (27) 

s 


By trial and error a combination of s/\o and a proper pair (Uyv) from 
Fig. 12-21 can be found, which satisfies simultaneously Eqs. (26) and 
27). With this solution, it is possible to evaluate x according to Eq. (14) * 

X = sinh (2 cosh“* u). (28) 

Since s/\q is now known, Eq. (13) is best rewritten as 

2 t s ■ Zo’ 




^2 >2 


^3 >3 


from which the value of the resistance Rs/Zq can be determined. For 
, small values of attenuation A, 

L- O ' 

satisfactory film sections can be 
designed. 

With proper. modifications, the 
same relations can be used for the 
design of a metal-film transformer 
section interposed between the 
lossless line Zi == Zo and a main attenuating film of total attenuation 
large enough to make it appear of infinite electrical length, as shown in 
Fig. 12-23. The condition for match is again given, with slight modifica- 
tions, by Eq. (24), namely, 


I Matching 
section ' 

Fig. 12*23. — Schematic diagram of single 
matching sjection. 


Rl = 72 12 Riz^ ““ 

Z2 — ^3 » _ Zo — Z2 

Z2 + z ; Zo + ZV 


7?23 = 


(29) 

(30) 


whereas the total attenuation of line section (2) is, in accordance with 
Eq. (27), 

.42 = a2S2 — 27r • 1)2. (3 1 ) 


By trial and error the complex equation (29) may be readily solved for 
the possible combinations of the pairs (^2,^2), (^3,^3), and 52/Xo. The 
solutions are unique if the restriction of shortest possible length, S2/X0, 
is imposed. For this condition the results are plotted in Fig. 12-24 
and the over-all attenuation ^42 follows from Eq. (31). It is observed 
that the length of the compensator approaches a quarter wavelength, 
and that V 2 approaches ivz as the resistances of both sections approach 
zero; these conditions are identical with those for the quarter- wave 
geometric-mean impedance transformer, and are to be expected. For 
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films of higher resistances, the length of the matching section increases 
beyond a quarter wavelength, and the ratio vs/v 2 increases rapidly, and 
becomes 6.5 in the range covered by the curve. The ratio of the resist- 
ance value per unit length in line section (3) to the value in section (2) 
increases at a rate even more rapid than (y 3 / 1 ^ 2 ). This holds approxi- 
mately for all attenuators with single matching sections. 

An appropriate extension to n sections of metal film of different 
individual characteristics makes possible the design of more complex 
attenuator inserts for good matching conditions over broader frequency 
bands. In all cases, the trial-and-error method, if applied from the 
background of experience, yields the quickest results. 



- — 



^2 “^0 




1 1 U.i I ■ > 1 

0 0.1 0.2 0.3 0 0.1 0.2 0.3 

^2 ^2 


Fio. 12*24. — Attenuator design with single matching sectioa. 


12* 12* Construction of Coaxial Fixed Pads. — A complete, fixed-value 
attenuator pad consists of the metalized-glass insert with metal bullets 
soldered to its ends for insertion into the metallic center conductor of 
the coaxial-line system; a support structure of the inner conductor; and a 
coaxial outer conductor or casing with suitable coupling elements with 
which to connect the pad rigidly to the adjoining line sections. 

Metalized-ghss Inserts . — Although several different methods have 
been developed for deposition of thin metallic films ^ on glass or similar 
nonmetallic carriers — for example, the Brashear and the Rochelle Salt 
methods of chemical deposition, cathode sputtering, spraying, and other 
methods — there are only two methods which by effective control provide 
the requisite precision for electrical applications: the burning-on method, 
and the evaporation method. Because of the broad range of its applica- 
tion, the burning-on method will be described in some detail here; the 
evaporation method will be discussed in Sec. 12T5. 

The burning-on method of metal deposition has been known to china 
* Strong, Procedures in Experimental Physics, Prentice- Hall, New York, 1943. 
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decorators and other artisans for a very long time; it is applicable only 
to noble metals, those metals that are reduced by heating. To form a 
resistive film on the glass, an oily solution of one of the metallic salts is 
painted, sprayed, brushed, or wiped on the glass. When heat is applied, 
the oil bums off and reduction of the salt occurs, leaving a metallic 
deposit on the glass. The glass is then heated to the softening point. 
This causes the deposit to form a compact adherent film on the glass. 
These films are mechanically sound; if they are formed on a clean glass 
surface they withstand considerable abrasion, are little affected by humid- 
ity changes, and retain good electrical characteristics. The ease with 
which such films are formed expedites production methods. The control 
of the resistance, however, is dependent on the metals used and upon their 
concentration in the original liquid coating, while the uniformity of the 
films is dependent on the method of application. 

The most useful types of metallic solutions are those which contain 
mixtures of platinum and palladium with some rhodium. These are 
particularly useful for fairly high resistance values. For medium resist- 
ance values, platinum-gold solutions have been used, and for low resist- 
ances, pure platinum, gold, silver, or palladium solutions are available. 
Where it is necessary to make provisions for solderable connections, a 
paste of platinum- gold has been found most satisfactory. It is, however, 
not a thin film, and its resistance is negligible. 

There are several ways in which the metallic solutions may be applied 
to the glass. In the case of tubing, four procedures have been tried: 
painting with a soft cameFs-hair brush; spraying with an atomizer; 
drawing of the tubing through a cup filled with solution; and finally, 
applying by means of a saturated felt washer. Only the last-named 
method proved suitable for close and not too critical control of uniform 
film thickness. In this method, a felt washer is clamped between two 
metal washers. The diameter of the hole cut in the felt is about in. 
less than the diameter of* the glass tubing to be coated. The metal 
washers used are approximately 2 in. in diameter, with f-in. holes, and 
are clamped together with four machine screws which pass through one 
washer and are threaded into the other. The washers and screws are 
made of brass. The felt is saturated with the solution used, and the glass 
tube to be coated, after thorough cleaning of the glass surface, is forced 
through the hole in the felt. The tube is run up and down through the 
hole two or three times and is rotated slightly while the washer is held 
in a horizontal position and the tube is held in a vertical position. On the 
final passage, as the tube is being withdrawn from the washer, the speed 
of withdrawal is held as constant as possible. The rotation of the tube 
and the constant speed of withdrawal tend to cause a uniform coating 
on the tube. This method of coating is affected by many variables; for 
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example, the concentration of the solution, the degree of saturation of the 
felt, the number of times the tube is passed through the felt, the speed 
of passage, and, particularly, the speed of the final withdrawal. How- 
ever, this method for experimental work has proved to be the most suc- 
cessful of the methods tried. 

After the glass tube has been coated with the metallic solution, it is 
placed immediately on a rotating spindle in a drying oven maintained at a 
temperature of approximately lOO^C. During this drying period, which 
lasts about 5 min., the volatile oils in the solution evaporate and leave 
the surface film dry to the touch. The tube is then placed on a 
rotating spindle and inserted into a firing oven where it is kept from 5 
to 7 min. at a temperature of 650°-680°C; the length of time and the 
temperature depend upon whether a metallic solution or a paste has 
been used. The rotating spindles in this step ensure uniform heating 
and maintain the alignment of the tube. The rods which form the 
spindles must be of some material that can withstand these temperatures 
for the time required without appreciable softening and consequent 
bending. During this period in the oven, the metallic salts are reduced, 
and the metal is deposited and then* bonded onto the semiplastic surface 
of the glass. 

After proper cooling, the resistance of the film is measured. If it 
is too high, another coating may be applied to form a second metallic 
layer on the first, and bonded with it. If the resistance is too low, it is 
advisable to vary the concentration of the solution by the addition of 
thinning agents. If it is necessary to produce resistive films on glass 
tubing in sections with different resistance values, then the higher 
resistance film is formed first over the entire tube. The section which 
now has the final desired resistance is covered with masking tape, and 
the sections that are to have a lower resistance are coated with additional 
solution. The unit is dried again, the tape removed, and the film cleaned 
with carbon tetrachloride. 

After a film or complex films of correct resistance have been attained, 
collars of platinum-gold paste are burned on at the ends of the glass tube, 
which has previously been ground to the correct over-all length. The 
collars formed by this paste can be soldered readily; thus, they serve as a 
means by which the resistive film can be soldered to metal connectors, 
and thereby form a complete unit which may be inserted in, or removed 
from, a section of a coaxial line. 

It is apparent that the attainment of exact resistance values by 
this ^*hand method’^ is almost an art. For better economy, an adapta- 
tion of the evaporation method has been developed. This consists of 
placing a special mechanical drive into the bell jar which revolves the 
individual spindles carrying the glass tubes. Since the process of 
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evaporation and the vacuum system with the bell jar will be described in 
Sec. 12-15, the discussion here will be restricted to the mechanical 
setup for evaporation on glass tubing. The machine consists of a cage 
which supports twenty spindles, and which turns in a horizontal plane 
about a center line draAvn vertically through the center of the base 
plate and, therefore, through the center of the filaments. The spindles 
have small gears at their inner ends which are meshed with a fixed bevel 

(S> This part rotates 



Fig. 12*25. — Mount for attenuator inserts in evaporation chamber. 


gear. The supporting shaft of this bevel gear serves as the axis for the 
cage and spindles. The cage is turned by means of a chain drive which 
runs over a large sprocket wheel mounted over the cage and fastened 
rigidily to it, and also over a small sprocket wheel mounted vertically 
on a shaft offset to one side of the machine. To this small sprocket 
wheel is pinned a drive shaft that extends down, through a Wilson seal 
in the base plate, to a geared electric motor which drives it through a 
flexible coupling. When the cage is turned by the chain and sprocket 
drive, the spindles rotate on their axes and also revolve about their 
common center. The glass tubes, mounted on the spindles, are rotated 
on their axes and revolved, in a horizontal plane, about the central 
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vertical axis, and thus expose all of their outer surfaces to the molecular 
rays of the evaporating metal. 

The assembly of this machine is shown in Fig. 12-25. In order to 
produce, in a single cycle of evaporation, a resistive film consisting of 
three sections — the end sections having a specified low resistance, and 
the center section a specified, relatively high resistance — a fixed mask 
made of curved sheet metal is mounted just beneath the spindles. The 
radial dimension of the mask is equal to 
that of the center section of the desired 
element, and its angular extent is about 
the same fraction of 2ir as the ratio of 
the resistances per unit length of the 
center and end sections. 

Assembly with End Connectors . — As 
an example of the brass end connectors 
directly soldered to the metalized-glass 
insert. Fig. 12-26 shows the bullet for 
f-in.-diameter tubing and a midband 
frequency of 3000 Mc/sec. The cylin- 
drical cup at the left end is the recep- 
tacle into which the collars at the ends 
of the metalized-glass tube are soldered. 

The outside wall of this cup is made 
very thin in order to minimize electrical 
reflections and to prevent an excessive 
strain on the glass as a result of the 
soldering process. To reduce still fur- 
ther the electrical effect of this increase 
in diameter, an adjacent corresponding 
decrease in diameter is provided. By this procedure, the voltage standing- 
wave ratio is reduced to less than 1.02 over a ± 10 per cent frequency band. 
The remainder of the bullet is so constructed as to connect into a 
Standard-line inner conductor. A hole is provided in the bullet to permit 
the escape of gas which is formed during the soldering of the glass tubing. 

In order that the metalized-glass inserts may be mechanically strong 
and may fit interchangeably into various coaxial-line systems, the solder- 
ing technique must meet three requirements; the bullets must form a 
strong bond with the glass insert to which they are soldered, the bullets 
must be axially aligned, and the length between the bullet shoulders 
at the ends of the inserts must be maintained to the correct tolerance. 
The last two requirements are best met by the use of special jigs. 

Protective Coating of Metalized-glass Inserts . — Although the metallic 
films, as produced by the burning-on method, are quite rugged, they can 



Fio. 12 - 26 . — End bullet for metalized- 
glass insert of f-in. diameter. 
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be damaged by abrasion. To protect them during assembly in the 
casing that forms the outer conductor of the coaxial line, and to protect 
them from rough or thoughtless handling, a coat of wire varnish is 
usually painted on the completed element. This includes the glass tube 
with its metallic film and the soldered end connectors. This varnish is 
baked at 150®C for one hour, which causes it to set as a hard film that 
withstands all abrasion except that caused by sharp-pointed tools. 
It also serves as a protection against the effects of prolonged exposure 
to high humidity which might cause oxidation or corrosion of the metallic 
film. To prevent fungus gro\\i;h which might occur in wire varnish if 
the units are to be used in tropical climates, a plastic, fungus-resistant 
varnish has been used. This also requires baking at 150°C. 



If the metal films have been formed with proper attention to the 
cleanliness of the glass surface and if care has been taken in all operations 
of coating, baking, and firing, these films are mechanically strong and 
can \vithstand considerable abrasion; they cannot be rubbed off the glass. 
Dirt, or contamination of the glass surface or of the solution, is always 
evidenced in poorly bonded films that are easily removed from the glass. 
A well-formed, well-bonded* metal film resists removal by any means 
except forcible removal by a sharp)-edged instrument. The metallic 
films are not permanently affected, either mechanically or electrically, 
by thermal changes between —50® and 150®C, the baking temperature 
of the varnish. The temperature coefficient of resistance of the films 
has an average value of 0.0007 per degree C; slight variations probably 
result from differences in the composition of the solutions used. 

Complete Assembly of Coaxial Pads , — The over-all length of the 
casing is short enough to be convenient and still ensure broadband 
operation. In the case of the f-in.-line and the J-in.-line units, casings 
of two types have been designed. One type has only one broadband 
(Pound) T-support as shown in Fig. 12*27; this casing is particularly 
convenient when frequent interchange of the attenuator elements is 
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desired. The other type of casing uses two broadband T-supports as 
shown in Fig. 12*28; this casing is recommended for standard attenuators 
which have been carefully calibrated and are to be used as reference 
attenuators. The small f^-in.-line casing is made only as a complete 
unit, with the insert already bead-supported inside the casing. The 
construction is mechanically very rugged, and is shown in Fig. 12*29. 



] 


0 in 1 2 3 4 5 6 

1 -i -_ I i i -, , j j ] 

Fia. 12*28. — Standard coaxial attenuator. 



Fio. 12*29. — A A-in. coaxial-line attenuator. 
1.32 




8.5 9.0 9.5 10.0 10.5 ll.O 11.5 12.012.5 
Wavelength in cm 
(a) 


8.5 9.0 9.5 10.0 10.5 11.0 11.512.012.5 
Wavelength in cm 
( 6 ) 


Fiji. 12*30. Voltage standing-wave ratio vs. wavelength of attenuator inserts for 1-iii. 

coaxial line. 


All casings are provided with the proper coupling elements and they 
can be inserted easily in transmission systems of standard size. 

12*13. Performance Characteristics of Fixed Coaxial Pads. — The 
most important characteristics of attenuators for broadband use are 
the variations of the voltage standing-wave ratio and of the attenuation 
with frequency. Their power capacity is also of considerable interest. 
The attenuator pads for i-in. coaxial line, which are used principally as 
laboratory units for precise measurements, have been studied in con- 
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siderable detail. As illustration of the results, Fig. 12-30, shows the 
variation, with wavelength, of the voltage standing-wave ratio for pad 
inserts designed for different values of attenuation. Each insert has a 
total film length of one wavelength at a center frequency of 3000 Mc/sec. 
Each curve represents an average of four measurements of voltage stand- 
ing-wave ratio taken on a pair of attenuators; the voltage standing- wave 
ratio is measured at each end of the attenuator with a matched terminal 
at the output. Single-stub casings with especially low standing-wave 
ratios were used with each insert. The inaccuracy of the measurements is 
probably less than ±0.03 in VSWR. The shape of the curves approxi- 
mates that which is predicted theoretically. Since these attenuator 
inserts originally were designed for a ± 10 per cent frequency band, the 
performance is quite satisfactory. The inserts for higher values of 
attenuation have a center film of rather high specific resistance, and 
therefore nonuniformities in production tend to have a greater effect upon 
the resultant standing-wave ratio than at lower values of attenuation. 

For these laboratory attenuators the variation of attenuation with 
frequency is very nearly linear. For the pads mention^ed above, attenua- 
tion was very accurately measured at nine different wavelengths, ranging 
from 8.5 to 12.3 cm (3530 to 2440 Mc/sec). Straight lines could be 
drawn through the experimental points with less than ±0.1 db deviation 
for any one point. The data at 8.5 cm and 12.3 cm are given in Table 
12-8 with the measured slope and the theoretical slope calculated from 
the design theory. 


Table 12-8. — Attenuation vs. Wavelength for J-in. Coaxiai^line Attenuators 


Nominal 
attenuation 
value, db 

Measured attenuation in db 

At 8.5 cm At 12.3 cm 

(3530 Mc/sec) j (2440 Mc/sec) 

Measured slope, 
db per cm 
change of 
wavelength 

Calculated 
slope, db per cm 
change of 
wavelength 

10 

9.9 • 

9.7 

0.05 

0.05 

10 

11.0 

10.6 

0.10 

0.05 

17 

16.6 

15.7 

0.20 

0.20 

17 

17.1 

16.1 

0.20 

0.20 

20 

20.0 

18.6 

0.30 

0.33 

20 

21.5 

20.3 

0.40 

0.33 

27 

28.0 

25.8 

0.60 

0.65 

27 

29.5 

27.2 

0.60 

0.65 

34 

35.4 

32.4 

0.80 

0.95 

34 

36.0 

33.0 

0.80 

0.95 
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The measured values are in good agreement with the calculated values. 
It can be observed that the frequency sensitivity increases with the 
attenuation value. This effect can be noted by comparing two 17-db 
units, connected in tandem so as to give 34 db, with a 34-db unit. The 
frequency sensitivity of the two 17-db units is 0.40 db/cm, whereas for 
the 34-db unit it becomes 0.80 db/cm, or twice that for the tandem 
connection. 



Fio. 12*31. — Wavelength vs. voltage standing-wave ratio for a A-in. coaxial line pad. 


The attenuator pads for i^in. coaxial line, which are used principally 
in field instruments, have end-connectors in the form of cable fittings of 
essentially narrow-band design. To study the frequency sensitivity of 
these attenuators, the effects produced by the inserts must be dis- 
tinguished from those produced by the casing. Fig. 12*31 shows the 
voltage standing-wave ratio vs. wavelength for the metalized-glass inserts 
of /attenuation values of 10 and 16 db. These inserts were tested in 
special casings which permitted the evaluation of the performance of 
the inserts alone, and excluded the reflections of the cable fittings and 
the associated bead structures. Here, also, two inserts of each type were 
tested, which permitted four voltage standing-wave-ratio measurements 
per type to be averaged. The inaccuracy of measurement is considered to 
be less than ±0.03 in VSWR. In addition to the experimental data, 
calculated curves are drawn according to the design theory of Sec. 12*11. 
Since the design is based on film length of one wavelength at a center 
wavelength of 10 cm, the agreement between theory and measurement 
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can be considered satisfactory. However, the cable fittings add reflec- 
tions, particularly at the ends of the wavelength band, and consequently 
the over-all voltage standing-wave ratio of the completed pad may show 

values up to 1.34 either at the 
short or at the long wavelength 
end, depending on the type of 
cable fitting used. This demon- 
strates the frequency limitation 
of the existing cable fittings, which 
with proper redesign will eventu- 
ally be removed. 

For the same attenuator pads. 
Fig. 12-32 shows the attenuation 
as a function of frequency, ob- 
tained by very careful measure- 
ments. Within experimental 
error, these curves can also be 
approximated by straight lines. 
The data on the rate of variation 
of attenuation with wavelength are given in Table 12-9. For use over 
rather broad frequency bands, a smaller frequency sensitivity would be 
required, and a better voltage standing-wave ratio would be needed. 
This indicates a need for a design which is basically new and on such a 
design work has already been begun. 


Table 12-9. — Attenuation vs. Wavelength fort^^-in. Coaxial-line Attenuators 


Nominal attenuation 
value, db 

^Ieasu^ed slope, db per cm 
change of wavelength 

Calculated slope, db per cm 
change of wavelength 

10 

0.15 

0.1 

10 

0.10 

0.1 

16 

' 0.25 

0.3 

16 

0.20 

0.3 



8 9 10 11 12 13 

Wavelength in cm 

Fig. 12*32. — Attenuation vs. wavelength of 
inserts for A"i^* coaxial line. 


With a film length of about two and one-quarter wavelengths, attenua- 
tion inserts for use at a center frequency of 9091 Mc/sec have been 
designed and built. An insert of this type has a considerably lower 
attenuation value per wavelength, which, according to Sec. 1211, is a 
basic quantity for the electrical design. As a result, a lower voltage 
standing-wave ratio can be expected for the insert. However, for this 
insert also, the end connectors are of the cable-fitting type and, there- 
fore, are inherently frequency-sensitive. Special improved end-fittings 
have been designed to reduce this frequency sensitivity, but the principal 
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requirement that they should mate with the existing cable connectors 
so restricted the freedom of design that only limited gain could be 
achieved. Thus, for ten samples of the 20-db unit, and six samples of 
the 10-db unit, the average voltage standing-wave ratio for the complete 
units with the improved casing was measured with the results given in 
Table 12-10. 


Table 12-10. — VSWR vs. Wavelength for Attenuators for A-in. Coaxial Line 


Nominal attenuation 

VSWR values at 




value, db 

wavelength 3.5 cm 

wavelength 3.3 cm 

wavelength 3.1 cm 


(8570 Mc/sec) 

(9091 Mc/sec) 

(9680 Mc/sec) 

10 

1.21 

1.17 

1.20 

20 

1.10 

1.10 

1.14 


The insert for the 10-db unit has no impedance-matching sections 
(compensators), and consequently has a VSWR of approximately 1.08 
at the longest wavelength. For this reason, the 10-db units exhibit, 
on the average, a somewhat higher voltage standing-wave ratio than 
the 20-db units which do have compensators. From the design theory 
it is also predicted that only a slight variation in the voltage standing- 
wave ratio should occur over the frequency band and this contention 
is supported by the results of measurements. 

For these same attenuators, the variation of attenuation over the 
frequency band of ±6 per cent is theoretically predictable as about 
±0.02 db for the 20-db unit; measurements indicate practically unob- 
servable variation of attenuation. This excellent result stems from the 
choice of the length of the attenuator inserts and suggests the possibility 
of further improvements. 

Effect of Ambient Temperature , — If coaxial attenuators are used 
as standards in the laboratory, or if they are used over widely varying 
temperatures in the field, consideration must be given to the attenuation 
of the unit as a function of temperature. Although the temperature 
coefficient of resistance of the metal film is small, it is appreciable. 
The temperature coefficient of the film material of the main section is 
measured as 0.0006 per ®C, while that of the compensator is 0.0008 per 
®C, for the majority of attenuators. With these values, the performance 
may be calculated as summarized in Table 12*11. The performance is 
substantially independent of line size and of the frequency at which the 
attenuators are used. 

Attenuator inserts produced by means of the evaporation process 
(see Sec. 12-12) should be insensitive indeed to large variations in tem- 
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perature, since the nichrome film obtained by this process has a very 
low temperature coefficient, about of that of the burned-on films 
for which the above data are valid. 

The effect of ambient-temperature changes upon the match charac- 
teristics of all coaxial attenuators is negligible. 

Table 12- 11. — Effect op Ambient Temperature 


Nominal attenuation 

Change in attenuation, db per 10°C 

value of units, db 

rise in ambient temperature 

10 

+0.080 

17 

+0.124 

20 

+0.136 

27 

+0.167 

30 

+0.180 

34 

+0.196 


Power Capacity . — In order to check the power capacity of the 
matalized-glass attenuators, tests of two types were made. In the first 
test, the power was increased slowly to the point of failure; this is a slow, 
tedious, and costly test, and invariably ends in the destruction of the 
unit. From the results of tests of this type it can be concluded that 
inserts of proper uniformity for A~in. coaxial lines at a center frequency 
of 3000 M c/sec will withstand one watt of average power under any 
condition of pulsed operation; and attenuators for large line sizes will 
withstand larger amounts of average power, at least in the ratio of the 
insert diameters. In the second test, units were subjected to specified 
values of power and the number of failures were recorded. The results 
of tests on units for ^-in. coaxial line and center frequency 3000 Mc/sec 
are summarized in Table 12* 12: 


Table 12- 12. — Power Teht of Attenuators 


Attenuation value, 
db 

Number of 
units tested 

Number of failures 
with 1.5 watts con- 
tinuous r-f power i 

Number of failures 
with pulse power 

20 

4 

0 

1 

1 

16 

5 

0 

0 

10 

5 

0 

1 


In the 14 units tested by applying 1.5 watts of c-w power, no failures 
occurred. These 14 units were then tested at 1.0 watt average power with 
a pulse length of 1.0 ^sec, and a repetition rate of 1000 cps. Two failures 
occurred. The fact that two units failed on 1 watt average power at a 
thousand-cycle repetition rate, after withstanding 1.6 watts of average 
continuous power, indicates that the pulse-power application is the more 
critical test. 
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Because of the reflections at the intersection of the first impedance- 
matching section (compensator) and the main film section, the current 
is not exponentially distributed along the metallic film. In the case of 
the 20-db insert one wavelength long, the theoretical distribution of the 
current was determined. The calculations show that in the first centi- 
meter of the compensator the current remains virtually constant. This 
corresponds to the experimental fact that a large majority of the failures 
occur in the first centimeter of the leading end of the attenuator. 

The actual failure of an insert is initiated by an arc which forms along 
its surface, travels at a rapid rate completely around the insert, and burns 
off an insulating ring. A d-c continuity test quickly indicates the failure 
which is always complete. The failure also causes bad mismatch and 
consequently the attenuation becomes appreciably higher. 

All power tests so far described were restricted to attenuators which 
were not artificially cooled. With water cooling, sufficient to keep 
the temperature of the film to within several degrees of room temperature, 
1 kw of continuous power has been dissipated in a film of 50-ohm resist- 
ance and of 3-in. length. This might indicate that the temperature rise 
of the film has an effect on the breakdown power. 

Power Attenuators . — Under proper conditions the metallic films 
used in these attenuators can mthstand considerable power. Special 
attenuators have been designed for powers ranging up to 30 watts average. 
This has been done by extending the length as far as convenient, and by 
arranging a low-attenuation section in front of a high-attenuation section. 
As a result, a large fraction of the power, about one-half, is absorbed in 
the first section. Such a design is necessary since the exponential 
decrease in voltage in a section of film causes most of the power to be 
dissipated in the leading parts of the film. For a special application at 
7000 Mc/sec, an attenuator was designed in which the first section of 
6-in. length had an attenuation of 6.67 db, whereas the second section, 
also of 6-in. length, had an attenuation of 13.33 db. 

If air cooling can be arranged, the conventional 20-db unit in ^in. 
coaxial line, one wavelength long, at 3000 Mc/sec, can withstand con- 
tinuous power up to 20 watts. For this high-power application, rather 
thick, low-resistance films are used. If an accurate knowledge of the 
attenuation is desired the attenuator must be calibrated against powder. 

12*14. Variable Metalized-glass Coaxial Attenuators. — The principle 
of very thin metal films on glass tubing as inner conductor of a coaxial 
system is also applicable to variable attenuators if a mechanism is 
arranged for effectively short-circuiting a part of the metal film. Two 
possible solutions have been suggested. In the first solution, a metal 
rod is inserted into the metalized-glass tubing from the far end of the 
attenuator, and coupling takes place through the glass wall to the metal 
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film; the attenuation is varied by varying the position of the metal rod. 
In the second solution, the short-circuiting member is a close-fitting 
metal tube which slides over the metalized-glass element and which is 
insulated from the metal film by a layer of varnish in order to avoid 
uncertain metallic contact. 

The chief advantage of a metalized-glass variable attenuator lies in 
the possibility of a very low minimum attenuation of from 2 to 5 db, 
attained by permitting the movable element to short-circuit the entire 
attenuating metal film. In order to achieve this low loss and yet main- 
tain a low input voltage standing-wave ratio to the attenuator at all 
positions of the movable metallic element over a reasonably broad fre- 
quency band, special types of matching were developed. 

The input impedance to a long section of the main attenuating 
metal film was given by Eq. (12) and was seen to be complex. Broad- 
band matching of the main film to a lossless line can, therefore, be 
obtained only by lossy matching elements, and again, two solutions have 
been found. In one case, there is interposed. a short section of line 
which has a center conductor, the resistance of which varies gradually 
from zero to the resistance of the attenuating film. Such a transition 
film, or resistance-tapered transformer, provides a very good match 
in both directions over a wavelength band of ±5 per cent, the VSWR 
being generally less than 1.05. In the other case, a film of uniform 
thickness is used, but applied in longitudinal stripes varying in width 
and number according to the required resistance. A resistance-tapered 
transformer of this type gives as good results as the first one, and is 
considerably simpler to apply. It is evident that these transformers 
absorb considerable power, but this is desirable in an attenuator. 

A ^nAine Variable Attenuator . — For application in a range near 
3000 Mc/sec, a laboratory attenuator has been developed for rather 
coarse measurement work in f-in. coaxial line as shown in Fig. 12*33. 
Designed for use with typeiN connectors, its casing is made of standard 
f-in. line. The tubular element is made of glass coated with metal 
resistive film and is terminated at both ends by brass bullets whereby 
it is supported between a solid T-joint and a hollow joint. Through 
the center of the hollow joint and into the interior of the element is 
inserted the short-circuiting rod the motion of which is controlled 
by a rack and pinion. A central coupling unit is provided to facilitate 
installation of the element. The end shown on the left side of Fig. 
12*33 is called the input end of the instrument. The tapered adap- 
tor and the T-support are of proved design, therefore the first source 
of possible reflection is met at the input end of the element. A proper 
metal-film transformer is therefore inserted at that end. Reflections 
from the back end of the attenuator are generated both at the end of 
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the element and at the end of the sliding rod. The shape of the tip of 
the rod that gives the best results is that of an inverted cone as shown. 
A tip of this shape causes reflections which partially neutralize the 



reflections at the end of the element. The compensation, however, is 
more or less imperfect according to the position of the slider, leading to 
variations in VSWR between 1.0 and 1.45. The total attenuation can be 
made to vary between 5 and 50 db, in a nearly linear manner over a 
considerable range. 



Ki«. 12*34. — Schematic section of J-in. variable attenuator. 


A i-inAme Variable Attenuator , — For precise laboratory measure- 
ments, an attenuator in a ^in. coaxial line has been developed and 
has served both as a standard attenuator and as a general laboratory 
instrument. A schematic section is shown in Fig. 12-34. The element 
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consists of a metalized-glass tube equipped with brass-bullet terminals 
by which it is supported between two T-joints at the ends of a length 
of standard size i-in. line. Fitting over the element is a thin-walled 
metal tube or slider which serves to short-circuit the required length 
of the film on the element. This slider is controlled from the outside 
by a rack-and-pinion mechanism attached to it by an insulating handle 
which passes through a longitudinal slot in the outer conductor. The 
mechanism is concealed and protected by suitable metal covers and 
the only exposed moving parts are the control knob and the pointer by 
which the setting is indicated on an engraved scale. 

Tapered 



Fig. 12-35. — Diagrams to illustrate the matching of a variable coaxial-line attenuator. 
The curve at the upper right shows the combined resistance of element and slider at the 
position of maximum attenuation. On the lower left are the resistance characteristics of 
the slider (curve a) and the element (curve b). The curve at the lower right is the com- 
bined resistance at the position Pf minimum attenuation. 

In this attenuator, the ‘element is coated with metal film so as to 
produce the resistance distribution shown in Fig. 12-35. To the slider 
Fig. 12-34, is attached a short glass tube with stripes of film to form 
a tapered transformer as shown in the photograph, Fig. 12*36, and 
therefore the resistance distribution of the sliding system becomes as 
shown in Fig. 12*35. The slider transformer lies directly over the film 
of the element and the two films are separated only by a layer of baked 
enamel; consequently, at the frequencies employed the capacitance 
between them is very great. Therefore, the resistances of the two films 
may be added in parallel combination. If this be done, it is found that 
the effective resistance characteristic of the element and the slider com- 
bined is as shown in Fig. 12*35. But the characteristic there shown is 
simply that of a section of attenuating line joined at both ends by 
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tapered resistance transformers to normal lossless lines. The combina- 
tion is therefore well matched in both directions even though the slider 
be moved, for this motion only varies the length of the central flat portion 
of the curve. When the slider system is moved all the way forward and 
the whole length of the uniform portion of the element film is covered by 
the metal slider, then the two tapered transformers are together, but 



face in opposite directions. Their added characteristic is as shown in 
Fig. 12*35 and is equivalent to two tapered transformers back-to-back 
with no intermediate attenuating line. A distinct advantage of the 
design is here evident, for the added characteristic, in this setting of 
minimum attenuation, shows that a very low insertion loss may be 
expected. 



In Fig. 12*37 is shown a photographic view of the assembled attenu- 
ator with end sections that permit power flow into, and out of, the 
attenuating element at right angles to the element. The performance 
of an average standard unit is summarized by the following data: maxi- 
mum attenuation, 40 db; minimum attenuation, about 3 db; VSWR less 
than 1.25 in both directions, at all settings and throughout a wavelength 
range of ± 10 per cent; power capacity, 10 watts continuous. A typical 
calibration curve shown in Fig, 12*38 indicates a parabolic variation of 
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attenuation with position of the slider, which is convenient if uniform 
relative accuracy of attenuation measurement is desired. 



Scale reading in cm 

Fig. 12*38. — Calibration of typical J-in. coaxial variable attenuator. 


12*16. Design of Elements for Waveguide Attenuators. — The use of 

metalized glass as a dissipative element in waveguide transmission 
systems is most convenient in the form of thin glass plates; usually, 
these plates carry metal film only on one side, and are suspended in the 
waveguide with the film parallel to the electric field lines. In the 
simplest construction, the glass plate has one or two holes drilled along 
its long center line and is "cemented to one or two metal struts. These 
struts penetrate the guide wall, preferably at right angles to the electric 
field lines. These struts can, in turn, be made to move and carry the 
glass plate across the waveguide, as in the variable waveguide attenuators. 

The most reliable cement to use in this construction is Sauereisen^ 
Insalute Cement No. 1. It shows strong cohesion and permanence, 
easy applicability, and cold-drying qualities. Although this cement 
is not waterproof, a thick coating of Glyptol cement will minimize any 
detrimental effects from moisture. Humidity tests on cement-held 
plates of this type without the Glyptol coating have shown a breathing^' 
effect as large as ±0.002 in. within several hours, during, which time 

* Made by Sauereiaen Cements Co., Pittsburgh, Pennsylvania. 
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the relative humidity varied from 20 to 80 per cent. Although this effect 
apparently cannot be completely eliminated, the Glyptol-coated cement 
showed not only less but greatly retarded action. Figure 12*39 shows, 
schematically, the glass as it is cemented directly to continuous struts 
going completely across the wave- 
guide. 

A much more satisfactory 
method of fastening the glass plate 
to the waveguide struts was de- 
veloped by the Corning Glass 
Works. First, instead of drilling 
holes, which always causes slight 
chipping and thus weakens the 
glass section. Corning used a very 
fine gas flame to burn out or melt 
out the holes; the sides of these 
holes are perfectly smooth and 
fire-polished, and have a small 
crater of glass which actually 
strengthens the glass locally. Second, Corning designed German-silver 
eyelets as shown in Fig. 12*40 which are crimped onto the glass by special 
jigs; these eyelets permit soldering to the struts, which now have to be 
of solderable material. Shock and vibration tests on plates mounted 



(a) Assembly (4) Eyelet 

Fig. 12'4(). Eyelet mounting of glass plate on waveguide struts. 


by this method have given completely satisfactory results; the effects of 
temperature and humidity are also eliminated. 

Metalization of Glass Plates . — The metal ization of the glass plates can 
be done by different chemical or mechanical processes of metal deposition. 
Utmost uniformity, together with the close control of thickness for the 



Fig. 12-39. — Cement mounting of glass plate 
in waveguide. 
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proper rate of attenuation, can, however, be attained only with the 
evaporation process.^ 

In the evaporation process, the pieces to be coated with film are 
placed in an airtight chamber. In this chamber, and at a considerable 
distance from the pieces, is a heating element to which is attached a 
sufficient quantity of the material desired for the film. The chamber is 
evacuated to a low pressure during which time the filament is heated, 
which in turn melts and volatilizes the material to be evaporated. 
Molecular particles of the material deposit on relatively cool surfaces, 
and form a thin film. The amount of material required to produce a 
film of known resistance, and the rapidity at which it is formed, can be 
easily controlled by varying the temperature of the filament. The 
resistance of the film formed can be measured continually throughout 
the process by means of clips fastened to a glass plate placed in the 
chamber. Leads from the clips, brought out from the chamber through 
insulated and vacuum-tight seals, can be connected to an ohmmeter 
or other resistance-measuring device. By this means, the resistance of 
the film formed can be continually followed throughout the process, 
and the process can be stopped when the exact value of resistance is 
attained. The films formed on glass by this process arc very adherent, 
are of considerable uniformity, and have excellent electrical properties 
for microwave work. 

The equipment needed for evaporation of metals or nonmetals has 
already been described in detail in available literature. ^ The first, 
and most obvious, unit of equipment is a large, high bell jar with an 
accompanying oil diffusion pump and forepump. The pumps must have 
sufficient capacity to exhaust the bell jar fairly rapidly to an ultimate 
pressure of lO"*"* to mm Hg and they must have an ionization gauge 
for measurement of low pressures. To heat the filaments, a controllable 
power source, either d-c or a-c, of low voltage and high current is 
needed. This source is mOst conveniently provided by a low-voltage 
power transformer controlled by means of a Variac in the primary 
circuit. The glass plates should be supported from 10 to 15 inches 
above the filaments. As the distance between the filaments and the 
plates increases the degree of uniformity of deposition of the metal 
evaporated increases. The base plate of the vacuum system should be 
equipped with as many insulated and vacuum-sealed binding posts 
as are required to satisfy the demands for electrical connections within 
the bell jar. 

It appears reasonable, at first, to use the noble metals, gold, platinum, 

* A. A. S. Moore, Production of Semi-reflecting Films of Chromium on Plane 
Mirrors, J. Sci. Instnim., Vol. 22, June 1945. 

* J. Strong, Procedures in ExperimerUal Physics, Prentice-Hall, New York, 1943. 
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and silver, for evaporation because of their immunity to oxidation and 
corrosion. However, in order to obtain a reasonable amount of electrical 
resistance of the film, the thickness of the film needs to be only a few 
times greater than the molecular diameter. For example,^ consider a 
film of platinum having a resistivity of 100 ohms per square^hd evapo- 
rated onto a glass plate 5 cm long and 1 cm wide. The resistance from 
end to end is then 600 ohms. Since 




(32) 


in which R is the resistance in ohms, p the resistivity in ohm cm, I the 
length of film, w the width of film, and t the thickness of film, then, 
under the assumed conditions 


t = 


A 

wR 


9.83 X 10-« X 5 
1 X 500 


= 9.83 X 10-« cm = 9.83A. 


This is an extremely thin film, approximately 5 molecules in thickness. 
Films of this thickness are difficult to obtain and are usually unstable/ 
Of various metals and alloys which were tested, the most useful was 
found to be the resistive alloy nichrome. Films prepared by evaporation 
of nichrome exhibit the high resistivity and also the low temperature 
coefficient of resistivity which are characteristic of nichrome in bulk. 
The thickness of a nichrome film of the same type and value as that 
chosen in the above example is, however, 


A = 100 X 10~^ X 5 

wR 500 


100 X 10-» cm = lOOA. 


This film is approximately 50 molecules in thickness and is very stable. 
The only difficulty in producing uniform films of such resistance alloys 
arises from the large amounts of nickel that they contain. Nickel, 
when melted, dissolves most other metals, particularly the high-melting- 
point metals, such as tungsten, molybdenum, and others, which are 
suitable for use as heater elements in the evaporation process. This 
might cause a disintegration of the heater before a film of sufficient 
thickness is deposited, and furthermore, the dissolved heater material 
is also evaporated and has an adverse effect on the electrical properties 
of the film. It is, therefore, necessary to use tungsten wire of excessive 
thickness as a heater and a larger quantity of nichrome than is actually 
required for the film, so that, when it melts, the tungsten is coated with a 
nichrome layer so thick that a satisfactory film can be formed before 
tungsten has time to diffuse through the nichrome layer to the surface. 

Because of the extreme thinness of the film, even the slightest deterio- 
ration of the surface seriously alters the resistance of the film. It is 
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therefore necessary to apply by evaporation a protective coating to 
the metal film before removing it from the vacuum. Magnesium fluoride 
was found to be the most convenient material for this purpose because 
of its low temperature of volatilization. A very thin coating of magne- 
sium fluoride not only protects the metal film completely from chemical 
deterioration but, because of the great hardness and strength, it also 
prevents accidental mechanical injury of the film. 


0.320” 0.377« 



'744 pyrex glass 0.038" thick '744 pyrex glass 0.038" thick 

(c) Complex film matching sections (d) 'Tongue" type matching sections 

Fi«. 12-41. Types of inatrhiiiK of nictalizod-glass plates. 

If all precautions have been taken in cleaning the surface of the 
plates, or tubes, the film deposit has considerable adherent strength. 
The combination of the film and the protective coating of magnesium 
fluoride which covers it h&s such great strength that ordinary abrasion 
from rubbing does not scratch the film; indeed, only a very sharp instru- 
ment pressed hard again.st the film, can penetrate the coating and 
damage the film. Further, since the fluoride coating completely covers 
the metallic film, the films are unaffected by change of humidity. The 
films also after having been subjected to temperature changes between 
— 50°C and 150“C show no permanent change in their resistance. Within 
thia temperature range the temperature coefficient of resistance has been 
repeatedly checked and has an average value of 6 X 10^‘ per degree C. 

Matching Characteristics of Glass Plates . — Most attenuators require, 
in addition to stability, that the input impedance to the unit be almost 
equal to the characteristic impedance of the line or waveguide used. 
Unless the metallic-film resistance is very high and the supporting glass 
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dielectric is very thin, resistive plates will not match well without a 
transition or matching section preceding the active attenuating element. 
Four separate types of transitions, or matching sections, have been 
developed for use on the glass plates which are shown in Fig. 12-41. Two 
kinds of glass, either window glass iV in. thick or 0.038-in. No. 774 Pyrex 
glass, are used for all plates. Some of the matching arrangements prove 
more satisfactory with one of the glass types. 

The possibilities of the taper match are perhaps most apparent. The 
taper section in Fig. 12-41 is actually a transition section and depends 





Fiti. 12-42. V'ariatioii of voltage btandiiig-wave ratio with length of taper. 

for match upon a small rate of transition, or change in characteristic 
impedance, per wavelength. The response curve shown in Fig. 12-42 
is common for most taper transition sections and shows the variation of 
match as the taper is increased to several wavelengths in length. Film 
resistance, the dielectric constant of glass, and the thickness of the glass 
determine for a given wavelength the length of taper required for best 
match. Window-glass plates, with the relatively high dielectric constant 
ke = 7, usually reffuire a shorter taper than the Pyrex-glass plates. As an 
example of the results that can be expected with soft glass, plates 0.375 in. 
wide with a film resistance of 80 ohms per square and a taper length of 
li in. can be made to have VSWR’s of less than 1.1 in a waveguide of 
0.400 by 0.900 in. ID and over a frequency band of ±6 per cent cen- 
tered near 9000 Mc/sec. In fact, the VSWR can bel)elow 1.1 for all 
positions of the plate in the guide, a very desirable characteristic for 
application in variable attenuators. 

In order to reduce the length of the matching sections, the trans- 
former shown in Fig. 12-416 has been developed for window-glass plates. 
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The theoretical details for this type of match have not been fully explored ; 
it is known, however, that the blank glass present in the guide changes 
locally the characteristic impedance, which, together with the effective 
reactance provided by the shunt field distortion at the front edge of the 
glass, is apparently capable of matching window-glass plates with metal 
films which have a resistance of 100 ohms per square. This matching 
arrangement is most useful in narrow-band, variable attenuators. The 
dimensions have to be specifically determined for each frequency. 



Fig. 12*43.— Imparlance data for tongne-matched Pyrex plate. 


The ‘^complex film'' transforming section shown in Fig. 12*41c is 
most useful for very thin Pyrex plates. The length and the resistance 
of the film transformer sections are determined experimentally. As an 
example, a main-film resistance of approximately 140 ohms per square 
could be matched by a transformer length of 0.330 in. with a matching- 
film resistance of approximately 400 ohms per square over a frequency 
range of about ± 6 per cent centered at 9000 M c/sec if used in a waveguide 
of 0.400 by 0.900 in. ID. The need of different film resistances on the 
same plate makes the use of the evaporation technique imperative. In 
order to metalize the element, the transforming sections are shielded, 
and the main section is evaporated first. When metalization has been 
completed, the shields are removed and the transformer section coated to 
the proper resistance. Since, for the second evaporation, the main 
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I 0.038'^ 
‘0i!50" 


Fia. 12*44. — TMX-18PB film specifications. 


section is not shielded, two parallel coatings of resistive film exist in the 
main section, separated by a film of magnesium fluoride. 

For broadband match on thin Pyrex plates a matching section of the 
type shown in Fig. 12*41d has proved to be the most satisfactory. The 
tongue section is made by suitable masking during evaporation. It 
provides a transforming section 

with a complex characteristic im- ^0.068 dia. 

pedance similar to the com- ^ / 

plexfilm match. Film resistance \ | ^ / 0.219" 

is uniform, however, and the | lllMM iHimil!;!!! ^ 

tongue width determines the dif- * ITSi lilii SM — 

ference in characteristic imped- i ’ 0.038'^ 

- ^ “^0.250" 

ance between the matching and 0 250" -^0538'^ 

the main sections. The critical ^ 

transformer dimensions have to be„ . 

- . , , . ^ Fia. 12*44. — TMX-18PB film specifications, 

determined experimentally and 

differ for different film resistances of the main section. The broadband 
input impedance data for a typical plate using a match of this type are 
shown in Fig. 12-43 for a rectangular waveguide of 0.400 by 0.900 in. ID and 
used over a band of ± 6 per cent with a center frequency of 9000 Mc/sec. 

12*16. Waveguide Pads of Fixed Values. — In the study of the depend- 
ence of attenuation at various frequencies on the position of a metalized- 
glass plate within the waveguide, it has been found by careful measurements 

0068" dia there exists a region of mini- 

/ 2 holes mum frequency dependence of 

/ attenuation over a broad fre- 

0.363"-* i||- ^ Jo 080'^" quency band at a distance of about 

0 181" 1 t T a/ 8 from the side wall of the guide. 

Usually, the glass plate carries the 
0.24? ^ 0.242’v| metal film facing the nearer side 

^ ^ wall and the distance is measured 

P ^ from the film surface to the wall. 

Fit». 12*45.- -TMX-H3PB film details. xr i j • j i i x * 

If a properly designed glass plate is 
located in this region of minimum variation of attenuation with frequency, 
particularly desirable fixed waveguide pads are obtained, which can be 
used as calibrated attenuation gauge blocks to extend the range of 
power meters without appreciable loss of accuracy. 

Figure 12-44 shows the dimensions of a metali zed-glass plate which 
gives an attenuation of 3 db in a waveguide of 0.400 by 0.900 in. ID 
when spaced 0.1 in. from the side wall and supported by a strut which, 
for mechanical reasons, extends completely across the waveguide. The 
design of the matching sections of this plate must take into account 
not only the match to the main attenuating film itself, but also the fact 


rr‘»‘i 


0.160" 
0.080" I 


Fit». 12*45.- -TMX-H3PB film details. 
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that the main-film section is very short, has low attenuation, and there- 
fore has an input impedance which depends on the termination of the pad. 
In addition, the supporting strut presents a local capacitive susceptance 
of appreciable value (see Sec. 12*18). Under these conditions, the 
accurate measurement of attenuation becomes an important problem 



and is discussed further in Chap. 13. Variation of attenuation with 
frequency over a G per cent band, centered at 9000 Mc/sec, is less than 
0.2 db, and thus this pad makes a very accurate gauge block to establish 
the half-power point for measurements of Q. To demonstrate the influ- 
ence of the positioning of, the plate upon the variation of attenuation 
with frequency, a special casing was constructed with a fine micrometer 
drive and the same plate moved successively to positions giving 3, 4, 5 


Table 1213. — Variation of Attenuation with FREguENcr for Different 
Positions of the Same Plate 


Position 
of plate 

X - 3.13 cm 

X = 3.33 cm 

X * 3.40 cm 

X - 3.53 cm 

Spread of 
attenuation 

3db 

3 03db 

2.97 db 


2.86 db 

0.17 db 

4db 

4.0 

4.0 


3.7 

0 30 

5db 

4.90 

5.01 


4.50 

0.51 

6db 

6.1 

6.0 

6,67 db 

5.56 

0 55 
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and 6 db of attenuation at 9000 Mc/sec 
with frequency is shown in Table 12* 13, 
and the variation of the voltage stand- 
ing-wave ratio is given in Table 12* 14. 
For accurate measurements of voltage 
standing-wave ratio, it is also important 
to observe the effect of the coupling 
flanges, which cause additional fre- 
quency sensitivity beyond that of the 
metalized-glass plate itself. This effect 
is evident from the results given in 
Table 12- 14. 

Another example of the advanta- 
geous use of the frequency-insensitive 
region is the design of the metalized- 
glass plate shown in Fig. 12-45. This 
design is for a fixed waveguide pad of 
attenuation values between 25 and 30 
db. In this case, the matching section 
can be designed to match the main film. 
To improve the voltage standing-wave 
ratio, the two struts used to support the 
plate do not continue beyond the glass 
plate, as shown in Fig. 1 2-46. The per- 
formance of this attenuator over the 
frequency band from 9000 to 9470 
Mc/sec is given in Fig. 12-47 and shows 


The variation of attenuation 



O.OSO" O.lOO” 0.120” 0.140" 
Insertion 



0.080" 0.100" 0.120" 0.140” 
Insertion 

Fig. 12-47. — TMX-1 6 attenuator char- 
acteristics vs. insertion. 


particularly low voltage-standing-wave-ratio values for attenuations 


above 20 db. 


Table 1214. — Variation of Voltage Standing-wave Ratio with Frequency 
FOR Different Positions of the Same Plate 


Position 
of Plate 

Direction of 
nicasuremcnt* 

X =3.13 cm 

X = 3.33 cm 

X = 3.53 cm 

3db 

Choke end 

1.065 

1.041 

1.055 


P4angc end 

1.03 

1.062 

1.079 

4db 

Choke end 

1.082 

1.064 

1.042 


Flange end 

1.065 

1.065 

1.082 

5db 

Choke end 

1.09 

1.10 

1.045 


P'lange end 

1,07 

1.105 

1.09 

6db 

Choke end 

1.11 

1.10 

1.08 


P^lange end 

1.10 

1.145 

1.12 

1 


* Casing was furnishcti with one choke and one flange coupling. For "choke” reading, attenuator 
is coupled in through flange-choke coruhination. For "flange” reading, the coupling is through a 
flange-flange joint. 
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12*17. Construction of Variable Waveguide Attenuators. — In princi- 
ple, the construction is of the same type for variable waveguide attenu- 
ators with metalized-glass inserts as for laboratory attenuators which 
use carbon paints or deposits on dielectric carrier plates (see Sec. 12- 10). 
However, the driving mechanism for variable attenuators incorporating 
metalized-glass plates must be of considerable precision in order to avoid 
the imposition of undue mechanical stresses upon the glass. The result- 



Fig. 12*48. — (’am drive for variable attenuator. 


ing accuracy of positioning, the dissipative metal film, together with the 
stability of the film itself, make these variable attenuators almost 
necessarily of the precision type suitable for permanent ealiliration. 

The distinguishing features of the variation of attenuation have 
resulted in the development of three principal methods for the construct- 
ing of attenuators. These methcxls are incorporated in the single-vane 
type shown in Fig. 12-48, the double- vane type shown in Fig. 12-49, and 
the guillotine type, with either one plate in the center as shown in Fig. 
12-50, or two plates symmetrically located, as shown in Fig. 12-51. 

Single^vane Attenuators . — In attenuators of the single-vane type, two 
struts, accurately aligned, carry the .single mctalized-gla.ss plate across a 
part of the guide. Special bosses on the side walls of the waveguide 
casing provide bearings as seen at b in Fig. 12-48. The actual driving 
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pin a is carefully aligned with the two struts and is attached to a heavy 
plate c which carries these struts. The driving pin in this modeU is 
driven by a cam d against a restoring spring located within the super- 
structure. For accurate setting, the camshaft carries an engraved dial* 



Fui. 12*49. — Double-vane attenuator. 


while a gear-set vernier is usually attached directly to the casing. The 
cam drive has the advantages that the driving pin can be located in the 
center plane between the struts and that the cam can be designed to 
linearize the attenuation curve. It has the disadvantage, however, that 
any noticeable play of the camshaft makes resetting difficult. As an 
example, a metalized-glass insert designed for a maximum attenuation 
of 75 db in a waveguide of 0.400 by 0.900 in. ID has a change of attenua- 

‘ This cam drive was designed by Philharmonic Radio Corporation, New York, 
N. Y. 
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tion of 0.8 db for each mil of displacement which occurs near a position 
corresponding to 66 db total attenuation. Obviously, the construction 
must be sufficiently sound to permit the resetting of the plate to small 




0 50 100 150 200 

Dial reading in mils 

Fia. 12-51. — Effect of polyiron on attenuator loss. The ordinate scale is in decibels above 

the minimum insertion loss. 

fractions of one mil. Frequently, a cam follower is built into the main 
pin a to avoid friction and wear; however, this follower must be accurately 
round in order to avoid errors in case of .slippage. Furthermore, the 
restoring spring action must be strong enough to prevent the main pin 
from sticking when the cam is turned from higher to lower attenuation. 
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The cam drive can be replaced by a multithread screw drive. ^ The 
driving pin carries a very heavy plate, and the plate carries the struts 
supporting the glass plate. A guide pin keeps the plate from rotating 
or becoming misaligned. This casing is simple to construct, has direct- 
ness of drive, and is easily reset. Hence, it has been widely used for 
attenuators where careful calibration is needed. 

Instead of a dial and vernier, a micrometer drive can be installed 
and the position of the plate can be read on the micrometer head. Or, a 
counter device can be connected to the driving pin which has a fine screw 
thread so that each revolution corresponds to one mil advancement of 
the plate into the guide. ^ 

Another important consideration in the design of casings of the vane 
type is the exact spacing of the supporting struts. The strut-spacing 
tolerance and glass-hole-spacing tolerance must be kept small to permit 
ease of plate mounting. The struts should at no time exert undue pres- 
sure on the glass plate because pressure may cause breakage. This 
entails equal and exact strut spacing for all plate positions in the guide. 
It is important that no r-f power leak from the drive openings in the 
waveguide walls. Tests have shown little power leakage from the small 
tV-in. driving holes in attenuators of the vane type. Although it is 
possible to provide small polyiron bushings to absorb the small leakage 
power, in most cases this is not necessary. 

Double-vane Attenuator , — From theoretical considerations of the field 
distribution in the waveguide it can be shown that a symmetrical arrange- 
ment of two glass plates in the waveguide leads to a smaller voltage 
standing-wave ratio than is possible with a single glass plate, and it also 
results in a decreased frequency sensitivity of attenuation. Figure 12-49 
gives a schematic view of the construction needed if two metalized-glass 
plates are driven simultaneously from opposite sides of the waveguide 
towards the center. The supporting struts cannot in this case extend 
across the waveguide. Although this construction affords an electrical 
advantage the mechanical construction is considerably weaker than the 
construction when one plate is used. For large plates, advanced far 
into the guide, the danger of mechanical resonance with impressed 
vibrations exists. This construction, therefore, has not been used for 
field-test attenuators. 

Guillotine Attenuators . — An entirely different principle of variation 
of attenuation is the insertion of a metalized-glass plate through a slot 
in the broad side of the waveguide. Figure 12-50 shows the construction 
of a single-plate attenuator, for a center frequency of 24,000 Mc/sec, 
with a shape resembling that of a guillotine blade. On the broad side 
of the waveguide a frame c is built. From this frame the carrier a is 

^ Designed by F and R Machine Works, Long Island City, New York. 
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suspended by links d which are held in the bearing surfaces of the frame 
by a pair of strong springs. As a special feature of this construction, 
the glass plate / mounted on the carriage block a moves in the arc of a 
circle as the drive screw h is turned. During a constant turning of the 
drive screw, the vertical insertion of the glass in the guide is at first rapid, 
but its speed gradually tapers off as the glass swings to the lower extrem- 
ity of the arc. If the dial indicator e is used, horizontal rather than 
vertical movement is measured. The form of variation of attenuation 
with plate insertion, combined with the nonlinear characteristic of the 
precision drive, results in an attenuation calibration which is nearly 
linear and which affords %ccurate setting. 

Since the slot through which the glass plate is inserted is located in a 
region of strong electric field, the inserted glass acts as an antenna, and 
causes power to leak into the cavity formed by the attenuator casing. 
Thus energy is shunted from the main waveguide path, and the maximum 
attenuation obtainable is limited to the attenuation of this shunt path. 
In order to prevent this leakage, a frame of polyiron g is mounted on a 
metallic reinforcement of the top wall of the waveguide. Figure 12*51 
demonstrates the effectiveness of the polyiron choking. Without poly- 
iron, the maximum attenuation is about 40 db. The variation of the 
attenuation of the leakage path with glass insertion alters the shape of 
the calibration curve. 

This single-plate guillotine attenuator can be contrasted with a 
double-plate guillotine attenuator of the symmetrical or balanced type.^ 
Two plates are mounted on a common carrier as shown in Fig. 12*52. 
The carrier is driven by a cam which is mounted on a fixed frame of the 
casing, while the cam follower is affixed to a vertical structure of 
the carrier. Guidance is provided by a pin to avoid rotation about 
the vertical axis. Precise construction of this attenuator casing is 
necessary in order to avoid rocking of the carrier and to maintain strong 
contact between cam and pam follower. In order to avoid the shunt 
leakage provided by the metali zed-glass plates, a polyiron frame closely 
surrounds the slots. Without this polyiron frame, the maximum 
attenuation obtainable is about 50 db, while with this frame, attenuation 
values up to 80 db can be obtained with very small variation of attenua- 
tion over a frequency band of ±6 per cent centered at 9000 Mc/sec, 

Mechanical Tests on Attenuators . — In many practical applications 
of attenuators, it is necessary that the complete attenuators withstand 
not only mechanical shock and vibration tests, but also corrosion tests 
under salt sprays. The cement mounting of the glass plates is satis- 
factory under dry conditions, but will not withstand salt spray. The 

‘ Designed by Sperry Gyroscope Company, Garden City, N. Y. 
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eyelet mounting as described in Sec. 12-15 is completely satisfactory under 
all test conditions. 

The mechanical strength of the glass plates might be a matter of 
concern under severe test conditions, particularly for long plates such 
as shown in Fig. 12*4 Id. For calculations on the strength of the cross 
section about the iVin. mounting hole, it was assumed that the plate was 
rigidly clamped at the point of strut support with a 4.8-cm length of 



glass extending out from the support. These calculations show that 
glass is strong enough to withstand the stress imparted by a sinusoidal 
vibration of the glass and the mounting with a maximum acceleration 
of 430^. The impressed vibration must have a frequency well below 
the natural frequency of 281 cps of the 4.8-cm length of extending glass. 
Static tests made on eleven plates with holes showed them to break 
when the stress applied corresponded to an acceleration of 200gf. This 
reduction from the theoretical strength is probably caused by small 
fractures and strains in the glass. 
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Dynamic shake tests have been made on plates supported outside of 
casings, as well as on plates mounted in commercial casings of the type 
shown in Fig. 12*48 which use both cement and eyelet mounting. The 
shake tests were made by securely fastening the samples to the table 
of a vibration fatigue-testing machine.^ In operation, the table had a 
sinusoidal vibration with a periodic change of frequency of from 10 to 
60 cps over one-minute periods. Each sample was tested for vibration, 
in the plane of the glass and perpendicular to the plane of the glass, for 

ten minutes in each position. 
Four tests were made on each 
sample with different maximum 
accelerations ranging from 7.5 
to 30gr. In addition, all plates 
mounted in casings were tested 
with the plate close to the side 

I 

F> 

gv=Vosm-’^^ 
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Fig. 12'54. — Simplified lumped-eireuit 
representation of metal film in waveguide. 

wall and ^v^th the plate out in the center of the guide. There was no 
glass breakage nor did the joint between the glass and strut become 
loose. Several of the casings, however, were shaken so violently that 
the set screws on the drive mechanism were loosened, and indicated the 
necessity for cementing the set screws securely. Shock tests were 
conducted by directing severe hammer blows against a table on which the 
complete test set was mounted. No harm was done to the glass plates. 
Thus, with proper methods* of mounting, the metalized-glass attenuators 
can be used as field instruments as well as for laboratory instruments. 

12*18. Performance Characteristics of Variable Waveguide Attenua- 
tors. — It is possible to devise a simple equivalent circuit for the dissipative 
action of an attenuator vane in a waveguide, and to explain, in a nearly 
quantitative manner, the variations of attenuation with the resistance 
of the metallic film, the position of the film in the guide, and the relative 
width of the glass plate carrying the film. Thus, if a transverse electric 
field is assumed, the designations in Fig. 12*53 used, and the current 
per unit length in the metallic film in the direction of the electric field 
» Model 10-HA, manufactured by All-American Tool and Mfg. Company, Chicago, 





Fig. 12-53. — Coordinate system for circiut 
representation of attenuator. 
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defined as 7, a shunt impedance to the local effective voltage V can be 
supposed as in Fig. 12*54. The resistance H and the inductance L are 
parameters per unit length of the resistive film, and the value of L varies 
with the plate position in the magnetic field of the guide. The con- 
densers Cl and C 2 represent the effective gap capacitances between the 
metalized-glass plate and the metal guide and depend inversely upon the 
gap values gi and ^2 and the resistance R of the film, since they represent 
the fringing effect of the electric field. This lumped-circuit representa- 
tion is far from complete, but does allow for the possibility of the occur- 
rence of resonance, which explains, at least partially, some of the 
attenuation characteristics experimentally observed. 

Defining the effective voltage as 


7 = Fo sin — , 
a 

and assuming, as a rough approximation, 


(33) 
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where Lo, Ro, go and Co are quantities either empirically determined from 
tests or semiempirically determined from qualitative considerations, 
the current through the metallic film is 


|/| 


Pi 


Fo sin 


ttx 




and the dissipated power per unit length is 


\vhere 



(35) 


(36) 


It is readily recognized that resonance occurs at the position Xo for which 
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and that this resonance point is dependent on the width of the plate, 
on the resistance R, and on the frequency a/’hr. No resonance exists 
if the right-hand term in Eq. (37) is larger than unity. 



Fig. 12*65. — Attenuation characteristics of soft-glass vane coated witli metallic film. 

Figure 12-55 shows the measured values of specific attenuation of a 
metalized plate of soft glass in a waveguide the inner dimensions of which 
are 0.4 by 0.9 in. The match characteristics, over all tested values of 
width and for both frequencies, were good, with a VSWR of less than 
1.15 even at the point of resonance, and therefore no possibility of a 
reflective resonance effect need be considered. The curves illustrate 
shift of resonance with increasing gap values g\ they show the proper 
variation with frequency, and indicate that, in choosing a glass width 
for a certain film resistance, combinations close to resonance must be 
avoided. The change of attenuation with frequency usually becomes 
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large for plate widths near resonance. However, for some applications 
with the plate fixed in position, the attenuation-frequency crossover 
points caused by resonance can be used to reduce the variation of 
attenuation with frequency. 

The curves in Fig. 12*56 illustrate the effect on attenuation, for various 
positions in the guide, as the film resistance is varied. The resistance 



Fig. 12 - 56 . — Attenuation characteristics of soft-glass vane coated with metallic film. 

values shown are only approximate, since the metal films were not com- 
pletely uniform. The shape and frequency characteristics of the curves 
justify the tentative acceptance of the equivalent series-resonant circuit. 
Thus, for a resistance of 135 ohms per square at a wavelength of 3.2 cm, 
the attenuation of the plate approaches the value for cutoff waveguide 
at the position corresponding to the cutoff width of the guide formed by 
the metal film and the larger section of the guide. As the plate moves 
out into the guide, the value of the attenuation decreases. However, a 
more complete equivalent circuit would be necessary to explain the 
shape of the attenuation curves of wide plates with a resistance of 80 
ohms per square, particularly the hump in the curve at lower attenuation. 
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As an example of the over-all performance of a particular metalized- 
glass-plate design, Fig. 12*57 gives the voltage standing-wave ratio and 
the attenuation characteristics of the plate shown in Fig. 12*58. The 
design is for a frequency of 9000 Mc/sec, or a wavelength of 3.33 cm, 
and the inner dimensions of the waveguide are 0.4 by 0.9 in. The 
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Fig. 12-57. — Attenuation characteristics of typical window-glass plate. 


VSWR for this wavelength is less than 1.075 for all positions in the wave- 
guide; and the attenuation curve, although not linear, is nearly so for high 
values of attenuation. The minimum value of attenuation, with the 
metal film very close to the side wall, is normally about 0.1 to 0.2 db. 
Although the match characteristics of the long taper are good over a 
rather broad band, the frequency dependence of attenuation is unde- 
sirably large. This is characteristic of vanes made of window glass. 

The voltage standing- wave ratio of Fig. 12*57 shows the rise of the 
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voltage standing-wave ratio for small insertions of the metalized-glass 
plate into the guide, when only 
small effects from the plate itself 
might be expected. However, 
the glass plates in an attenuator 
of this type are usually supported 
by A-in. brass rods that extend 
across the guide in the plane 
normal to the electric lines of 
force (see Sec. 12*17). Since the 
supporting struts also reflect a small amount of power, the transforming 
section is designed to compensate for these reflections. If there is 



0 . 377 - 

Window glass ^ thick 

Fig. 12-58. — Metalized-glass plate dimen- 
sions for characteristics shown in Fig. 12-57. 



Distance of plate from guide wall in 32nds of an inch 

Fig. 12-59. — Attenuation characteristics of Pyrex glass with metallic film. 

sufficient attenuation between the struts and the matching section to 
absorb this reflected power, then the strut problem is of no concern. 
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However, as the glass plate is also used in zero position or in positions 
of small attenuation, it is necessary to space the two struts an approxi- 
mate distance apart of nX/4, where n is an odd integer, in order to cancel 
the two strut reflections. Such cancellation can be perfect at only one 
wavelength, and in applications over a broad band of frequencies the 
strut effect becomes noticeable at the edges of the band, as seen in Fig. 
12-57. 

For the same waveguide size (0.4 by 0.9 in. ID), the thin pyrex plates 
with metal films should have a width of about 0.372 in. and a thickness 



0 20 40 60 80 100 120 140 160 180 200 220 

Distance of glass from side wall in mils 

Fig. 12*60. — Attenuation characteristics for typical Pyrex plate with metallic film. 

of about 0.038 in. in order to obtain a large range of attenuations, and 
at the same time to avoid the resonance characteristics shown in Figs. 
12-55 and 12-56. The effect of the resistance is shown in Fig. 12-59, 
which indicates a resonance peak for a film of about 135 ohms per square 
at a position ^ in. from the wall. It has been found that a film resist- 
ance of about 140 ohms per square gives best results with the above plate 
dimensions. 

* 

Figure 12-60 shows the oVer-all performance of the plate of Fig. 12-41d. 
The match characteristics are given in Fig. 12-43. This plate demon- 
strates very slight variations of attenuation with frequency up to values 
of 45 db and is therefore exceptionally well suited for broadband attenu- 
ators in low ranges of attenuation. In fact, if space permits, two of 
these can easily be placed in tandem in order to provide values of attenua- 
tion up to 90 db with a maximum variation of attenuation of about 2 db 
over the ±6 per cent frequency band centered at 9000 Mc/sec. The 
minimum attenuation obtained with the metalized-glass plate close to 
the side wall of the guide and the metal film facing the wall, is practically 
negligible, in most instances less than O.l db. 

For very small sizes of waveguide used for frequencies of about 24,000 
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Mc/sec, the use of metalized-glass vanes moving across the waveguide 


imposes extremely rigorous tolerances on the 
mechanical construction, and therefore, the 
desirable characteristics of the tongue- 
matched pyrex plate cannot be utilized. The 
most suitable attenuator construction is that 
of the guillotine, described in Sec. 12*17, with 
a metalized-glass plate, as shown in Fig. 12*61, 
whose matching characteristics depend on the 
gradual transition provided by its circular 
shape. 



Fig. 12-61. — Metalized- 


An attenuator with a maximum attenu- 
ation of 40 db was designed for use over a band 


glass plate dimensions for 
characteristics shown in Fig. 
12-62. 


of ±2 per cent, centered at 24,000 Mc/sec, or 


for wavelengths from 1.225 to 1 .275 cm, with a guide of inner dimensions 



0 40 80 120 160 
Dial reading in mils 

Fig. 12-62. — Performance characteristics of single-plate guillotine attenuator. 
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0.17 by 0.42 in. The minimum insertion loss of the complete unit was not 
more than 0.3 db and Fig. 12*62 shows the typical variation of attenua- 



0 50 100 150 200 250 300 350 

Gta$s insertion in guide in 0.001 inch 


Fig. 12*63. — Attenuation characteristics of experimental model of 75-db balanced f^uillotine 

attenuator. 

tion and voltage standing-wave ratio at three different frequencies. 
The maximum variation of attenuation between the edge frequencies 

is below ±0.75 db. 

An attempt to reduce the fre- 
quency sensitivity of attenuation 
for high values of attenuation in 
the range of 9000 M c/sec resulted 
in the construction of the guillo- 
tine attenuator with two metal- 
ized-glass plates inserted into the 
guide as described in Sec. 12*17. 
Figure 12*63 shows the attenuation characteristics of this attenuator, and 
also indicates the schematic arrangement. Figure 12*64 shows the glass- 
plate dimensions with the clear glass matching sections used in this attenu- 
ator. The match characteristics are considerably poorer than those of the 
tongue-matched pyrex plate. They give VSWR values up to 1.24, but 



Fio. 12*64. — Metalized-glass plate dimen- 
sions for characteristics shown in Fig. 12*63. 
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the variation of attenuation with frequency over the band of ±6 per 
cent centered at 9000 Mc/sec is less than 3.5 db for all depths of insertion 
into the guide. This is the result of the interaction between the 
metalized-glass plates within the guide and the cavitylike casing which 
encloses the driving mechanism and superstructure as shown in Fig. 
12-52. The attenuation curves in Fig. 12-63 show a second crossover 
region near 60-db attenuation values, which obviously tends to reduce 
the divergence found in the other regions. Such interaction is neces- 
sarily critical, however, in mechanical precision, metal film resistance, 
polyiron framing, and possibly other factors, and consequently, repro- 
ducibility under normal production processes is difficult to achieve. 

POWER DIVIDERS AS ATTENUATORS 

By E. Weber 

In power measurements it is often convenient to use a sensitive power 
indicator because of its greater individual accuracy and also because of 
its quicker response. If a power indicator is used it is necessary to 
interpose between the input terminal of the power indicator and the main 
power flow an accurately known amount of attenuation. This attenua- 
tion is usually provided by radiation coupling either through appropriate 
holes or through pickup antennas. Power dividers of several types are 
used successfully; among those used are calibrated pickup probes, 
directional couplers, bifurcated lines, and branched lines. 

12«19. Calibrated Pickup Probe. — A power-monitoring device of the 
very simplest type is a common slotted section with an adjustable 
bolometer-probe pickup, provided that this probe can be calibrated by 



Fig. 12*65. — U.so of calibrated bolometer probe with terminal load as attenuator. 

an independent power measurement. Figure 12-65 shows an arrange- 
ment whereby the power into the terminal load L is to be measured by a 
sensitive power detector coupled through the probe to the main power 
flow. The calibration of the bolometer probe can be accomplished by 
substituting for the terminal load a w^ell-matched calibrated attenuator 
and detector. For a certain fixed probe depth and for a fixed setting 
of the calibrated attenuator, the absolute probe indications over a selected 
frequency range can then be defined as the equivalent attenuation values. 
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By variation of the probe depth, different values of attenuation can be 
attained; but the probe depth must be so chosen that no appreciable 
reflection of power occurs since this reflection detracts from the accuracy 
of the power indication. Furthermore, in order to assure general validity 
of the calibration, the terminal load must be well matched; this can be 
achieved with the tuning stubs, and the bolometer probe in the slotted 
section can also be used to indicate proper match. If no matching stubs 
are available, then the forward power delivered into the terminal load can 
be computed from maximum and minimum values of power by 

jP = [^ ('s/p max + 'S/Pmm)]^. (38) 

If the bolometer-probe indications have been calibrated in terms 
of a well-matched calibrated attenuator, the assembly of the slotted 
section with the probe, the tuning stubs, and the terminal load represents 
an attenuator of adjustable values. These values of attenuation are 
usually large, above 30 db. This method is particularly useful for large 

powers, since the dissipation of the 
terminal load can be increased to 
absorb practically all the main 
power. If the terminal load is 
very well matched over the entire 
useful frequency band, then the 
probe can be kept in a fixed loca- 
tion and can be made an integral part of the load; for calibration purposes, 
however, it still has to be detachable. This method is, of course, equally 
applicable to waveguide and to coaxial transmission systems. 

12*20. Directional Couplers. — In Chap. 14, it is observed that direc- 
tional couplers can be designed for broadband applications to measure 
voltage standing-wave ratio or to act as power monitors. In principle, 
two coupling holes between parallel transmission systems are spaced 
one-quarter wavelength apart as in Fig. 12*66, which shows a sketch for a 
waveguide system. The incident wave radiates through the holes A and 
B into the neighboring system ; both forward waves are in time phase at B 
(having traveled the same distance) and support each other to form the 
outgoing wave 0. The backward waves which issue from A and B 
travel to the left, but the phase difference between the waves from A 
and those from B at the point A is exactly 180®, and therefore cancellation 
results and no resultant wave issues to the left. For an incident wave 
f', the results are opposite, and therefore, the forward and the reflected 
wave intensities can be measured separately. 

On the other hand, this simple directional coupler can be used as a 
fixed attenuator pad if the remaining incident wave i' is absorbed in the 
main system and the remaining reflected wave r' is absorbed in the other 
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Fig. 12*66, — Principle of directional coupler. 
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system as shown in Fig. 12*67. In this way, it is easy to obtain attenu- 
ator pads for large power and for high attenuation values. Coaxial 
systems at approximately 3000 M c/sec have been built for 30-db attenua- 
tion or more with small variations with frequency over a frequency band 
of 30 per cent.^ For waveguide systems, such attenuator pads have 



Fig. 12-67. — Use of directional coupler as attenuator. 

been built for about 3000 Mc/sec down to values of 15 db, and at 9000 
Mc/sec for values of 10- and 20-db attenuation. The variation in cou- 
pling was less than 0.3 db for a frequency band of 12 per cent. With 
well-matched terminations, the problem of the directivity of the coupler, 
that is, the fact that incomplete cancellation of the backward-traveling 
waves occurs, is of less importance. Of course, it is necessary to deter- 
mine the attenuation values by accurate calibration, and it does not seem 
possible to control mechanical and material factors in such a way as to 
obviate this necessity. 

12*21. Bifurcated Lines. — A very convenient power divider of fixed 
ratio is obtained by the introduction of a very thin partition into a 
transmission-line system, as shown in Fig. 12-68 for a waveguide. The 



[-• — d — *-l 

Fio. 12-68.^ — Bifurcation of a waveguide. 


guide of small dimension h is divided into two guides of small dimensions 
b' and 6". If the characteristic impedances are chosen as 


and 


Zo h' Zo _ b" 

Zo ^ V T 

Zo = z' + z;', 


(39) 

(40) 


the three guides can then be considered in series combination and no 
power reflection takes place if the two smaller guides are individually 
terminated in their characteristic impedances. For use of this arrange- 
ment as an attenuator, one of the smaller guides would be terminated 
in a well-matched power-absorbing section and the other used as the 

^ R. S. Julian, “Directional Transmission Line Taps,” BTL MM-44-170-6, Jan. 26, 
1944. 
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output guide, connected to the transmission system with the reduced 
power. By the use of a proper taper transition section this output guide 
can, of course, be brought back to the characteristic impedance Zo of 
the input system. The actual value of attenuation can be determined 
from the power split. If the guide with impedance ZJ' is the output 
guide, then the output power P" is, in terms of the input power Po, 

P" = (41) 

and therefore, the attenuation becomes 

4 = 10 logio ^ = 10 log ,0 = 10 log.o (l + I?) db. (42) 

This attenuation is defined directly in terms of the impedance ratio. 
If the termination in the guide ZJ can be made frequency-insensitive and 
if the characteristic impedances are reasonably constant, the attenuation 
can be made substantially constant over a considerable range of fre- 
quencies. The termination must, of course, be able to absorb the power 
P' and this determines the material that can be used. 



Fig. 12'69. — Attenuator using the bifurcation of a coaxial transiniHsion line. 

Figure 12*69 indicates a power split in a coaxial transmission system 
whereby the impedance must now be related according to 


and where 


z\ < 



Zo 


Z'» + Z 


ft 

0 


(43) 

(44) 


in order to lead to the three lines in electrical series combination. To 
bring the output system to the same impedance as the input system a 
taper transition section is shown. This section, if made somewhat longer 
than the longest wavelength in the selected wavelength range, usually 
results in a satisfactorily low voltage standing-wave ratio over a con- 
siderable range. 

The simple concept of direct series connection holds strictly for 
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infinitesimally thin partitions' and also for any chosen reference plane 
in the main guide, but practically, little disturbance is observed with thin 
but finitely thick partitions. 

12*22. Branched Lines. — As an alternative to the series combination 
of transmission lines, two transmission lines in parallel to a main system 
can be connected as illustrated in Fig. 12-70 for a coaxial line. Since 



Fig. 12*70. — Attenuator using parallel power split. 

the two branch lines are in parallel, they are best represented in terms of 
their characteristic admittances Yq and FJ', and again satisfy the condi- 
tion that 

F'o + F;' = Fo. (45) 

If one of the branches, Fj, is terminated in a well-matched power absorber 
of proper characteristic impedance, and if the other branch Yq is used 
as the power output system, the over-all attenuation is given as in Eq. 
(42) by 

il = 10 logio = 10 logic yf = db. (46) 

In order to bring the output admittances again to standard coaxial- 
line values, impedance transformers can be added in the output section. 
The transformers may be either the quarter-wavelength type or the 
tapered type. From the point of view of frequency sensitivity, the bifur- 
cated line has numerous advantages, while mechanically, both the 
bifurcated line and the branched line present moderate design difficulties. 
^ See Waveguide Handbook, Vol. 10. 
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THE MEASUREMENT OF ATTENUATION 

By Eknst Weber 

To be meaningful the term ^^attenuation must be associated with a 
measurable physical quantity, such as voltage, current, or power, which 
can be uniquely established at two terminal pairs of an otherwise unre- 
stricted network (see Sec. ITl). At microwave frequencies, the most 
readily measured quantity is power, whereas terms like voltage and 
current would in many cases require explanatory definitions. Attenua- 
tion has become associated principally with power and, furthermore, is, 
as demonstrated in Sec. 1 1-1, defined in terms of a measurement under 
ideally normalized conditions; namely, by inserting tjie pertinent micro- 

Uniform lossless 



Fio, 13*1. — Schematic arrangement for measurement of attenuation at a microwave 

frequency. 

* 

wave component into a lossless transmission line of defined characteristic 
impedance Zo (see Fig. 13 T) terminated at one end by an ideally matched 
generator section, and at the other end by an ideally matched detector 
section. Maintaining these conditions, two principal methods of meas- 
urement can be devised ; one in which the unknown microwave component 
is actually removed and the power ratio measured as ^‘insertion loss,^^ 
another, in which the unknown microwave component, together with a 
standard of comparison, establishes a fixed over-all power ratio by mutual 
substitution; both these methods will be described in detail. Other 
methods of attenuation measurement have been proposed and used; 
these, however, deviate from the above concept of attenuation and need 
qualifying elucidation. 
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13‘1. Direct Measurement of Power Ratio. — The simplest arrange- 
ment for the direct measurement of the power ratio as insertion loss 
under normalized conditions involves the use of two slotted sections with 
probe detectors of identical characteristics. Figure 13*2 indicates 
schematically the arrangement of the equipment, and clearly indicates 
to the left of a the generator section, and to the right of h the detector 
section. In order to establish proper matching conditions in both direc- 
tions, two complete modulated-oscillator assemblies with power supply 
and square-wave modulator are needed. With the oscillator unit A 


To To 



oscillator oscillator 

A B 

Fig. 13*2.- Schematic arrangement for measurement of attenuation with two slotted 

sections. 


connected to the closed assembly joined at a6, the tuning stubs Fz are 
adjusted to a VSWR < 1.02 as read in either slotted section Ei or £' 2 . 
With the oscillator unit B connected to the left section of the assembly 
at b and with oscillator unit A inactive, the tuning stubs Fi are adjusted 
to a VSWR < 1.05 as read in slotted section Ei. To assure no noticeable 
subsequent disturbance of the match looking back into the active oscil- 
lator unit Af the buffer attenuator H must have a minimum value of 
10 db for most oscillators. 

The measurement of attenuation proceeds by first normalizing the 
probes in slotted sections Ei and E 2 to the same power level ^\4th a and 6 
directly joined. Inserting then the unknown microwave component 
between a and 6, and maintaining the same power level in the probe of 
slotted section Eiy the needed gain in the amplifier C 2 will be a direct 
measure of the power loss or attenuation caused by the unknown compo- 
nent. Obviously, the gain in the amplifier C 2 can be directly marked in 
decibel values and thus permit direct reading of attenuation as long as 
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the detector characteristic follows the square law, that is, is linearly 
related to the absorbed power. This is usually assured with Wollaston- 
wire bolometers which are therefore preferred to crystal detectors for 
attenuation measurements. If crystal detectors are used, it is best to 
determine their detection characteristics by calibration with a standard 
signal generator. In order to assure greater accuracy, the arrangement 
in Fig. 13*2 can be made perfectly symmetrical by placing the second 
modulated oscillator B behind the terminal load (?, which can then take 
the form of a buffer attenuator similar to H, and which performs the 



Modulated 

oscillator 


Modulated 

oscillator 


A 


B 


Fiq. 13*3. — Schematic arrangement for measurement of attenuation with Ballantine 

voltmeter. 


attenuation measurement alternately with source A active and B inac- 
tive, and vice versa. This requires complete identity of the probe- 
detector characteristics. This method can be used conveniently for 
attenuations up to 15 db and for frequency ranges for which the micro- 
wave accessories have been designed, since the ultimate indicator, namely, 
the amplifier, responds only to the modulating frequency of the oscillator 
which is usually chosen in the audio range. 

This method will, however, not measure the value of attenuation as 
insertion loss according to the definition in Sec. 11-1 if the unknown 
component is badly mismatched. In this case, the reflective attenuation 
is disregarded by trying to keep the input power level constant ; but even 
this becomes difficult to assure because the power level is actually deter- 
mined from the VSWR of slotted section E\. 

Ballantine-voltmeter Method . — Another very convenient method of 
attenuation measurement replaces the detector section in Fig. 13-2 
by a bolometer terminal in conjunction with a Ballantine voltmeter as 
shown schematically in Fig. 13*3. Here, detection of the modulated 
r-f power by the bolometer develops a voltage across the input terminals 
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of the special, tuned audio peaked amplifier which is amplified and 
indicated on the voltmeter. The basic assumption^ is made that with 
the proper amount of d-c bias power in the bolometer, the a-c voltage 
developed across the amplifier input terminals is proportional to the 
r-f input power to the bolometer which therefore acts as a square-law 
detector. If the amplifier is strictly linear, a change on the voltmeter 
of n db indicates a change in attenuation in the transmission line of n/2 
db. Since the calibrated voltmeter is actuated by the audio component 
of the bolometer output voltage, this method is not limited to a specific 
range of microwave frequencies unless difficulties are encountered in 
matching the bolometer at some frequencies. 

The range on the voltmeter that may be used in practice is limited 
on the low-power end by noise and on the high-power end by nonlinearity 
of the bolometer. By checking the various scales of the voltmeter as 
well as the linearity of the amplifier, it has been found that the maximum 
safe range usually extends from 0.01 to 10 volts, permitting, together with 
the tuned amplifier, the measurement of power ratios up to 30 db. Larger 
ranges of attenuation may be measured in two steps by subdivision into 
two ranges, each of which is smaller than 30 db and by establishing the 
terminal point of the lower range as a new fixed reference point for the 
upper range. Of course, the error of measurement in such a procedure is 
doubled and the limit is probably set by the power capacity of the source 
as well as all the microwave components in the assembly. For greater 
accuracy, the voltmeter should be calibrated. The calibration may be 
made with an audio attenuator of negligible reactance which has in 
turn been calibrated with a potentiometer (see Sec. 13*7). 

In order to establish proper matching conditions in both directions 
the same procedure should be followed as above. With source A inactive, 
source B connected at 6, adjust the tuning stubs F for good match as read 
in the slotted section E; then, with source A active, the system closed at 
abf adjust tuning stubs G for good match as again read in slotted section 
E, If the bolometer mount is tunable, it should be matched independ- 
ently by using a slotted section with the proper d-c bias current circulat- 
ing through the bolometer. 

The actual measurement of attenuation then proceeds in the following 
manner: With the components assembled as in Fig. 13*3 and matched, 
the r-f power level is adjusted by means of the buffer H so that no more 
than the maximum permissible power enters the bolometer. The 
amount of buffering may be increased when necessary in order to fulfill 
this condition; however, a buffer of at least 10 db must be used, as 

^ The validity of this assumption is discussed in R. L. Report No. 56.1 — 10/16/45, 
‘‘Notes on the Use of Bolometers for Pulsed R-f Power Measurements,^* by 
George Guthrie. 
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explained above. After the frequency of the oscillator is checked, the 
modulation frequency is set at 1000 cps to correspond with the frequency 
at which the preamplifier is peaked. This setting gives maximum 
deflection on the Ballantine voltmeter. The gain control on the pre- 
amplifier is adjusted so that the Ballantine voltmeter reads 20 on any 
range other than the 100-volt range. Switched to the next higher range, 
the meter should then read exactly 0. If it fails to do this, mechanical 
adjustment of the voltmeter must be made until this condition is met. 
By setting the gain control on the preamplifier, a reference level on the 
voltmeter is established, the system disconnected at points a and h and 
the unknown microwave component inserted and the new reading taken. 
One half of the difference between the reference and final readings gives 
the power attenuation of the unknown component. For better accuracy, 
repeated checks should be made on all initial adjustments, such as oscil- 
lator frequency, modulator frequency, reference power level, and match- 
ing conditions. 

For various frequency ranges, different types of bolometers are 
available, which are described in Chap. 3. For frecjuencies in the range 
of 3000 jVIc/sec or above, Littelfuse elements for amp can be used as 
bolometers; they require a d-c bias current of about 5.5 ma. Most 
Wollaston- wire bolometers can carry a permissible maximum power 
between 1 and 30 mw. Bolometers have been made with metalized-glass 
fibers which can carry up to 0.1 and 0.2 watt of maximum power. Fur- 
ther extension of the power range is possible by insertion of carefully 
calibrated precision attenuators between the bolometer and the tuning 
stubs G in Fig. 13*3. The accuracy of the attenuation measurement 
will then be influenced by the accuracy of the additional attenuator. 

Water Calorimeter: — For still higher power capacities the bolometer- 
detector section in Fig. 13*3 is replaced by a water calorimeter, described 
in Secs. 3*32 to 3*36. The power-detecting medium is the circulating 
water absorbing the heat generated. With proper calibration and well- 
controlled water-pump speeds, the accuracy can be made satisfactory for 
most practical purposes. 

13-2, Substitution Methods. — A different method of attenuation 
measurement particularly suitable for high values of attenuation is the 
substitution method^ in which, at some point in the detector system, the 
power level is maintained constant upon insertion of the unknown micro- 
wave component by adjusting the attenuation of an appropriate standard 
attenuator, which can be a part of either the generator section or the 
detector section. Several schemes are possible based on the same prin- 
ciple and differing only with respect to the choice of the section in the 
detector system in which the power level is maintained constant. Thus, 
in the microwave substitution method, the microwave power at the 
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detector is maintained at a constant level with the aid of a microwave 
standard attenuator, located in series with the unknown attenuator, 
either in the generator section or in the detector section. In the inter- 
mediate-frequency substitution method, the power level is maintained 
constant at the i-f detector by adjusting an i-f standard attenuator to 
compensate for the insertion of the unknown microwave component. 
Finally, in the d-c substitution method, the power level in one arm of a 
d-c bridge circuit is maintained constant, as with the use of a bolometer 
bridge detector. 

Microwave Substitution Methods . — The specific arrangement of equip- 
ment will in most cases depend on the power range of the microwave 



Fig. 13-4. — Schematic arrangement for measurement of attenuation at 3000 Mc/sec with 
microwave standard attenuator in generator section. 


source, on the sensitivity of the detector, on the availability of a suitable 
standard, and on the over-all characteristics of the equipment. As will 
be pointed out in Sec. 13 G, the w^aveguide-beyond-cutoff standards 
can be considered primary standards, but they usually have a rather 
large minimum attenuation value necessitating very sensitive detectors 
to permit the measurement of large ranges of attenuation. Although 
the resistive precision attenuators have nearly zero minimum attenua- 
tion, they must be calibrated absolutely. Of the three principal types 
of power detectors that are commonly used; namely, the crystal, the 
bolometer, and the spectrum analyzer, only the spectrum analyzer has a 
sensitivity sufficiently high to permit attenuation measurements up to 
70 or 80 db. The maximum sensitivity of the crystal or of the bolometer 
limits the range to about 30 db. In view of the fact that the substitution 
methods are particularly suitable for wide ranges of attenuation measure- 
ments, the spectrum analyzer primarily wdll be considered here. 

As an illustration of an arrangement with the standard attenuator 
in the generator section. Fig. 13-4 shows the system used for frequencies 
of about 3000 Mc/sec, for which a special primary-standard attenuator 
has been developed with a tunable transmission cavity on one end that 
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must be tuned for maximum power transfer (see Sec. 11*9). It is 
advisable to use the cavity at the input end of the standard attenuator. 
The standard attenuator should be located near the oscillator since the 
effective load impedance at this point is constant and the frequency of 
the cavity will not be pulled. Power is coupled into the cavity with a 
loop and out of the cavity through an iris to the cutoff tube. If the 
attenuator is held in a position so that the rotating drive shaft is hori- 
zontal the planes of both loops will be vertical and a line passing through 
the long dimension of the iris will be horizontal. The standard attenuator 
is isolated from the rest of the system by means of pieces of lossy cable 
so that the maintenance of a good match, looking towards the generator 
from point a after it has once been matched by means of the tuning 
stub F, is assured. 

Similarly, the spectrum analyzer is isolated from the output end h 
of the unkno\vn microwave component by a lossy cable of at least 10-db 
attenuation in order to maintain a match once a match has been estab- 
lished by the tuning stub G, The spectrum analyzer consists of a well- 
shielded superheterodyne receiver employing a crystal mixer and having 
a local oscillator that is frequency modulated in sawtooth fashion. A 
frequency spread of ±20 Mc/sec about the frequency setting of the local 
oscillator is available. The sawtooth voltage that produces the frequency 
modulation of the local oscillator is also applied as the horizontal deflec- 
tion voltage to a cathode-ray oscilloscope. The video output voltage 
of the receiver is connected to the vertical plates of the oscilloscope. 
Thus, when a signal is applied to the input terminals of the receiver, a 
pip appears on the screen. The receiver bandwidth is about 50 kc/sec. 
The magnitude of the pip is a measure of the input power to the receiver. 
To measure attenuation, the standard attenuator is set for a value that 
is a few decibels higher than the attenuation to be measured. By means 
of the gain control, the pip of the spectrum analyzer is set at a convenient 
level on the screen of the qscilloscope. The unknown microwave compo- 
nent is inserted at ab and the attenuation of the reference standard is 
reduced until the pip returns to the level previously set. As a check, 
removing the unknown component and returning the dial setting of the 
reference standard to the value initially selected should bring the pip 
to the same level again. If the level has changed, the measurement is to 
be discarded as erroneous. The error may be caused by instability either 
in the source or in the spectrum analyzer. The maximum usable range 
of this system for measuring attenuation is limited to about 54 db. 
The range of the power ratios that the spectrum analyzer can detect is 
of the order of 95 db. The various buffer-cable sections consume at 
least 26 db and the nonlinear region in the standard cutoff attenuator 
extends to 15 db resulting in an actual minimum attenuation in the 
system, exclusive of the unknown component, of 41 db. 
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Figure 13'5 shows the schematic arrangement of a system for the 
measurement of attenuation in the range of 9000 Mc/sec with the stand- 
ard attenuator in the detector section. For better accuracy, rectangular 



Fia. 13*5. — Schematic arrangement for measurement of attenuation at 9000 Mc/sec with 
microwave cutoff standard attenuator in detector section. 


waveguide is used for the power-transmission system, necessitating an 
appropriate adaptor to permit insertion of the reference standard. The 
movable end of the cutoff attenuator is 
joined to the line by means of a flexible 
cable employing cable connectors. Since 
no cutoff standard has been designed for 
this frequency range which incorporates 
a frequency-sensitive cavity, it can be 
placed close to the receiver-type detector. 

As above, the over-all attenuation needed 
in the system, exclusive of the unknown 
component, is about 41 db so that the 
same range of attenuation measurements 
can be covered. 

A considerable extension of the range 13*6. — Schematic arrauge- 

- . V ment of detector section for measure- 

of attenuation measurements can De ment of attenuation at 9000 Mc/sec 

achieved by the use of a resistive variable with microwave resistive attenuator 
, xij ‘j detector section (generator sec- 

attenuator standard such as is aescribed ^ ^ig. i3-6). 

in Secs. 12-18 and 13-6. The arrange- 
ment of the components is shown in Fig. 13-6. Essentially, the cutoff 
standard attenuator with the adaptor is replaced by the resistive precision 
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attenuator. The minimum attenuation of the resistive attenuator is 
almost zero, in any case less than 0.5 db. Since resistive attenuators are 
usually well matched, the buffer attenuator I can have very low attenua- 
tion. Therefore the minimum attenuation in the system, exclusive of the 
unknown component, can, in this case, be made about 20 db and the 
range of attenuation measurements can be extended to 75 db. With a 
proper r-f source or with reduced buffering and acceptance of loss of 
accuracy, this extension can possibly be carried even further. 



B 


Fio. 13*7. — Schematic arrangement of detector section for moa.suremont of attenuation 

with i-f standard attenuator. 

/-/ Substitution Method . — Instead of compensating for the attenua- 
tion of the unknown component in the microwave system itself, a receiver 
can be used as a detector and compensation can be made in the i-f part 
of the detector section. Figure 13*7 indicates one possible arrange- 
ment^ whereby the i-f amplifier-indicator is designed for 20 Mc/sec and 
is used principally as a power-level indicator. The measurement 
of attenuation proceeds by first adjusting the gain control on the i-f 
amplifier to a convenient level for reception from the microwave line. 
The i-f amplifier-indicator is then connected to the i-f standard attenu- 
ator, which in turn is adjusted to give the same indication on the amplifier. 
The receiver is switched back to the microwave line, and the unknown 
microwave component inserted, the gain control on the i-f amplifier 
is adjusted to give a convenient reading; then the i-f amplifier is again 
switched over to the i-f standard attenuator and this is adjusted to 
bring the i-f amplifier to the new reading set by the microwave signal. 
The change in setting in decibels of the i-f standard attenuator is thus 
identical with the attenuation of the inserted microwave component at 
the microwave frequencies. In using the i-f standard attenuator, the 
frequency and power level of the i-f source should be carefully checked. 
It is advisable to use a special i-f amplifier with humped frequency 

^ See F. G. Gainsborough, “Notes on the Calibration of High-frequency Attenua- 
tors at the National Physical Laboratory,” B.C.S.O. Report No. 343, Jan. 24, 1945. 
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response to make the tuning unambiguous. Likewise, the i-f standard 
attenuator should be very carefully constructed, preferably so that it 
can be calibrated with direct current to avoid additional sources of error. 

The accuracy of the method depends on the linear relationship exist- 
ing between the i-f beat-frequency amplitude and the power level of the 
microwave signal, which in turn depends on the mixer characteristics. 
If the local-oscillator input signal into the mixer can be kept at least 10 
times stronger than the microwave signal, this linearity will be maintained 
with sufficient accuracy in diode mixers and even in crystals, as has been 



Fig. 13*8. — Schematic arrariKement for measurement of attenuation with the thermistor 

l)ridge. 

shown experimentally at the National Physical Laboratory.^ The 
advantage of the method is, however, that the i-f attenuator standard can 
be the same for practically any microwave frequency if proper changes 
are made in the local oscillator of the receiver. 

Thermistor-bridge Methods . — The use of thermistors as high-frequency 
power-measuring elements has been discussed in Chap 3. In almost all 
applications the basic assumption is made that equal amounts of d-c 
and microwave power have the same effect on the temperature rise of 
the element and therefore cause the same resistance change. This 
principle can be used to extend the substitution method to include d-c 
substitution by employing the thermistor as a power detector and a 
properly designed bridge circuit as a power-level indicator as shown 
schematically in Fig. 13-8. 

The thermistor bridge itself consists of three 600-ohm resistors 
connected to a thermistor element to form a Wheatstone-bridge circuit 

^ See also L. C. Peterson and F'. B. Llewellyn, **The Performance and Measure- 
ment of Mixers in Terms of Linear Network Theory, Proc. I.R.E.y 1, 38 , 458 (1946). 
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as shown in Fig. 13-9. The d-c voltage source supplies the bridge through 
several attenuators and Ra- Three of these attenuators are 

T-pads having a characteristic impedance equal to the input impedance of 
the bridge and calibrated in decibels. The resistor /i^i is an uncalibrated 
voltage divider that permits the effective input voltage of the bridge to be 
varied. The thermistor should preferably be mounted in a constant- 
temperature oven to minimize the effect of ambient-temperature changes. 
In order to measure microwave attenuation, first, with only direct cur- 
rent supplied to the bridge and the microwave source inactive, adjust the 
voltage divider 72 1 until the bridge is balanced. The calibrated attenu- 



ators 722, 723, and Ra should read zero during this adjustment of 72i. 
The d-c calibrated attenuators should then be set at least 4 db higher 
than the attenuation to be measured, for example, to A i db, thus reducing 
the d-c current through the thermistor to t’l. Turning on the microwave 
power and adjusting it by means of buffer 7/ to such a value that the 
bridge will again be balanced establishes the reference microwave power 
Pi. The unknown, microwave component is inserted into the line 
between points a and 6, maintaining the established input power Pi at the 
transmission line. The unknown component decreases the microwave 
power in the thermistor bead to P 2 , so that the bridge must be rebalanced 
by adjusting the d-c cajibrated attenuators 722, 723, and Ra. The new 
setting of these attenuators should be A 2 < ^ 1 , whereas the d-c current 
should be increased to U > ii- Since direct substitution of d-c power 
for microwave power necessitates constant resistance values in all four 
arms of the bridge (precluding any heating effects in the three fixed arms), 
the attenuation of the unknown component can be defined as 

^ = 10 logic = 10 logic (1) 

where 

i = antilogic ^ = antilogic (2) 

Since the minimum power measurable to any degree of accuracy is 
about 50 mw, and the maximum power of the thermistor is in the neighbor- 
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hood of 4 mw, the largest attenuation range that can be measured is 
just under 20 db. To extend this range, standard attenuators can be 
used as gauge blocks. The power Pi can be established with the standard 
attenuator in the microwave line and A can be set on the d-c attenuators. 
The unknown component can be substituted for the standard attenuator, 
and P2 can be measured with the A 2 setting. The total attenuation of 
the unknown component is then the sum of the differential attenuation 
computed by Eq. (1) and the value of the standard attenuator. Although 
this method seems simple, it requires a powerful microwave source. The 
practical limit of measurements using this method and thermistor ele- 
ments with no refinements is about 40 db with good accuracy, and 50 db 
with reasonable accuracy. 

Instead of using accurately calibrated d-c attenuators, the d-c 
current measurements as indicated can be used and the measured 
attenuation can be defined 

.1 = 20 log,o (3) 

In order to preserve accuracy, however, the meter has to be of very high 
accuracy itself, although the d-c attenuating network can now be uncali- 
brated. Finally, if the low-resistance d-c attenuators are accurately 
calibrated, lower values of attenuated power P2 can be measured and 
the range of measurement can be further increased. The practical limit 
in the measurement of very small powers lies in the necessity of using a 
sensitive galvanometer in the bridge circuit. If the thermistor element 
can be considered to be a linear detector of microwave power over a 
reasonably small resistance change, then the deflection of the galvanom- 
eter will be proportional to the input microwave power and an unbalanced 
bridge reading can be taken. The proportionality constant for this 
deflection can ])e obtained ])y calibration with a directly measurable small 
power. With a sensitive galvanometer of l/xa full-scale deflection and 
50 ohms internal resistance, sizable deflections can be obtained with an 
input power of a microwatt or less. However, bridge-balance drifts 
make such measurements difficult and time consuming, and this method 
will usually be used only if microwave substitution methods cannot be 
applied. 

W ire-holometer-hridije Methods . — Instead of using the thermistor 
bead as a power detector, a hot-wire bolometer that employs a very thin 
Wollaston wire of a length that is small compared with a wavelength can 
be used. With a properly designed bridge circuit, attenuation measure- 
ments can be made in exactly the same manner as with the thermistor 
bridges, balanced or unbalanced. These bridges are described in detail 
in Chap. 3. 
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Similarly, thin metalized-glass fibers have been used as power- 
detector elements. Again with properly designed bridge circuits, these 
elements have been used for attenuation measurements.^ Metalized- 
glass fibers have a higher power capacity than thermistor elements, their 
larger diameters permit better broadband matching than the hot-wire 
elements. They are, however, somewhat more difficult to produce.^ 

13*3. Measurement of Attenuation by Standing-wave Effects. — For 
measurement of small values of attenuation, neither substitution methods 
nor direct measurement of the power ratio with or without the unknown 
component are adequate if accuracies of 0.1 db or less are required. 
From basic transmission-line theory, however, it can be shown that the 
attenuation of any lossy four-terminal network may be determined from 
the knowledge of either of the following quantities: (1) the effect of the 
insertion of such a network on the voltage distribution and the phase shift 
in a short-circuited section of a lossless line following the unknown 
component, (2) the magnitude of the voltage standing-wave ratio of 
the unknown component terminated in a short circuit. Either effect 
can be made the basis for measurement of attenuation.^ 

Measurement of Power Ratios Referred to Line-voltage Distribution . — 
The methods of measuring attenuation discussed so far use either a 
defined standard attenuator, or square-law response of a detector, or 
correspondence between a-c and d-c voltage as a basis. Most of these 
assumptions are reasonably justified, but they have nevertheless been 
questioned from time to time. It seems desirable, therefore, to have 
still another method available which involves none of the previous 
assumptions, but rather measures attenuation in terms of a theoretically 
defined voltage distribution. Figure 13- 10 shows the schematic arrange- 
ment for such a system in which the slotted section fj 2 , next to the short 
circuit, is the attenuation-measuring instrument. This apparatus must 
be particularly well constructed. Relative movement of its probe must 
be measurable to fractidns of a mil; a 1-in. precision dial indicator with 
scale divisions of 1 mil, which is directly attached to the drive mechanism 
of the probe, is usually satisfactory. 

In order to measure attenuation of an unknown component, both the 
detector and generator sections are first matched as well as possible by 
means of the slotted section G\. The unknown component is then 
inserted between a and h. Maximum indication in the slotted section 
Gt is determined and noted as a reference level. After removal of the 

^ J. Ebert, Notes on the Use of Bolo-metcrs for Ultrahigh Frequency Attenuation 
Measurements,^' NDRC 14-219; PIB-7, June 2, 1943. 

*8. A. Johnson, “ Metalized-glass Bolometers,” NDRC 14-524, Oct. 31, 1945. 

* J. Ebert, “Notes on the Accurate Measurement of Small Attenuations,” NDRC 
14-439; PIB-43, Apr. 5, 1945. 
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unknown component, the distance is measured between two successive 
points about a voltage minimum in Gt which give the same indication 



Fi(i. 13*10.- Schematic arrangement for measurement of attenuation by reference to line 

voltage distribution. 


as the reference level previously noted. Knowing this distance, the 
frequency of the generator, and the voltage distribution, the power 


ratio or attenuation can be calcu- 
lated in a simple manner. Assum- 
ing the entire detector section to 
be nearly lossless, the voltage dis- 
tribution in the slotted section G 2 
will be sinusoidal. Let Ei repre- 
sent the maximum voltage and 
reference level when the unknown 



Fig. 13*11. — Voltage distribution in the 
slotted section Gt. of Fig. 13*10. The 
dotted line is the absolute value of the 


component is inserted between a 
and by and let E 2 be the maximum 
voltage when the unknown com- 
ponent is removed, as indicated in Fig. 1311. 
the unknown component is by definition 


voltage with the unknown component 
present, the solid line is the voltage without 
the unknown. 


Then the attenuation of 


A = 20 logio ^ db. 


( 4 ) 


Since the voltage distribution is sinusoidal, however, 


E 2 sin 




= E 


where X is the wavelength in the slotted section (j 2 . Thus, Eq. (4) 
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becomes 

^ =201og.oQ^j^7^) clb. (5) 

Figure 13*12 gives the graphical representation of Eq. (5) for small 
values of attenuation. 

The expression in Eq. (5) is an approximation since the short circuit 
and the transmission line are not lossless; the actual voltage distribution 

will therefore deviate appreciably 
from the assumed sinusoidal dis- 
tribution. In the simple form 
given the method does not apply 
for attenuations much above 4 or 
5 db. It is necessary, even at 
lower values of attenuation, to 
keep to a minimum the extension 
of the exploring probe into the 
active field in order to minimize 
its field-distorting effects and to 
maintain the voltage distribution 
close to sinusoidal. The main 
advantage of the method, however, is that the (‘rystal or detector law 
of the exploring probe need not be known, because the same power level 
is used throughout. 



Fiq. 13*13. — Schematic arrangement for meaburemetii of power reflection ratio. 


Measurement of Power ^reflection Ratio . — If the unknown unit is 
terminated by a short circuit and if the ratio of incident to reflected 
power is known, the attenuation of the unknown unit can be computed. 
This power ratio may also be measured by determining the input stand- 
ing-wave ratio in the arrangement shown in Fig. 13*13. The unknown 



TTd 

X 


Fig. 13*12. — Attenuation valuc‘s as measured 
by voltage distribution. 
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unit remains connected in the line system, making this method inde- 
pendent of the generator impedance. 

Assuming a perfectly matched device to be measured, the relationship 
between voltage standing-wave ratio and attenuation can be found in 
the following way. Referring to Fig. 13*14, let Pi represent the power 
incident on the unknown unit. Let the power transmitted by the unit be 
denoted by P2. The power P2, after being totally reflected from the short 


A— P2 — 



Fig. 1JM4. — Power reflection from the terminals of short-circuited four-terminal network. 

circuit, is again attenuated in passing through the unknown unit. If 
the power then emerging from the unit is represented by P 3 , the attenua- 
tion of the unit can be written as 

A = 10 login ^ = 10 login ^ login ~ db. 

The quantity P3/P1 is, however, the ratio of incident to reflected power 
and is independent of generator impedance. If r is the input voltage 
standing-wave ratio, then 

P3 ^ (r -1)*^ 

Pi (r + 1 )^‘ 

Introducing this into the expression for A abova% 

A = 10 log,„ dl). (fi) 

This relationship is represented graphically in Fig. 13 15. 

Most of the devices to be measured will not be perfectly matched, 
but will have reflections of their own, which will make the input standing 
wave dependent upon the phase of the reflection from the short circuity 
and will make it vary from a maximum r.v to a minimum In this 
more general case, the relation 


db 


(7) 
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can be derived, or 

4 = i (lO logio + 10 log,o ^-^ 44 ) 

If rjtf as well as Vm is measured with an adjustable short circuit, Fig. 
13-15 can be used to determine the attenuation. Equation (8) is an 
expression for dissipative attenuation alone (see Sec. 11*1), and does 

r Scale 2 



1 2 3 456789 10 

r Scale 1 

Voltage standing-wave ratio 

Fig. 13*15. — Plot of relation between attenuation and voltaRo .standiiiK-wavo ratio. 

not include the apparent increase of attenuation caused by power 
reflection from mismatches. Such reflection effects are included in all 
other measuring systems discussed above. 

If the short circuit is imperfect, it can be regarded as a series combina- 
tion of a perfect short circuit terminating a small fixed attenuating pad. 
The attenuation measured is the sum of the unknown unit and the 
attenuation of the imperfect short circuit. The attenuation value of 
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the hypothetical short-circuit pad can itself be measured by the method 
as outlined above. 

In using this short-circuit method, it is necessary to measure input 
standing-wave ratios accurately. This can be done either with a hot- 
wire bolometer serving as a detector and as a standard in the slotted- 
section probe circuit, or by using some other sensitive microwave detector 
with a calibrated variable attenuator preceding it. When using the 
bolometer method, the powers at maximum- and minimum-voltage 
positions are measured and the ratio of the powers is the power standing- 
wave ratio r^. When using the calibrated variable attenuator and 
detector in the probe circuit much larger standing-wave ratios can be 
measured. The change in attenuation necessary to equalize maximum 
and minimum indications is a measure of the reflection. Frequently 
a spectrum analyzer is used as the detector and a cutoff waveguide attenu- 
ator as the standard. 

The advantage of using bolometers or standard attenuators in this 
method is the increase in sensitivity and accuracy of the measurements. 
Thus, measuring an unknown unit of 3-db attenuation, a change of 
approximately 0.3 db in power standing-wave ratio will correspond 
to a change of 0.1 db in the value of the unit. Measuring 1 db, the 
attenuation-sensitivity factor is roughly 8.4 and increases as the attenua- 
tion of the unknoAvn unit decreases. However, since very large stand- 
ing-wave ratios are difficult to measure accurately, some of this theoretical 
accuracy is usually lost, although the short-circuit method of measuring 
attenuation is the only convenient means available for measurements 
of attenuation below 0.1 db. Contrary to the power-measuring and 
substitution methods, the short-circuit method is independent of the 
generator impedance, thereby eliminating any mismatch error. Also, 
input power monitoring becomes unnecessary because of the ease and 
speed with which measurements may be checked. 

13*4. Measurement of Very Small Attenuation Values. — An alterna- 
tive method for the measurement of very small values of attenuation 
utilizes the resonance characteristics of metallically bounded field spaces 
as expressed in the definition of Q by 


1 = ^ = A 

Q f wL' 


(9) 


where / is the resonance frequency at which maximum power is absorbed, 
and where A/ is defined as the interval between the upper and lower fre- 
quencies near f at which the magnitude of the admittance has fallen to 
one-half its peak value. The A/// can also be taken as the ratio of dis- 
sipated to stored field energy analogous to the condition at lower 
frequencies. 
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Direct Measurement of Attenuation Constant of Transmission Lines , — 
Since the measurement of the Q of cavities is discussed in Chap. 5 
only the modification of the method for measurement of conductive 
attenuation in transmission lines (coaxial or waveguide) will be given 
here. As sho^vn in Slater,^ the input admittance of a uniform, short- 
circuited, coaxial transmission line has periodic maxima and zeros. 
Near the maxima, it can be expressed in the first approximation as 


in 


j 

^0 \/(as)2 -[-5^ 


(10) 


In this form, Zq is the characteristic impedance of the line, assumed as 
real in this simplified case, a is the attenuation constant of the line, 5 is 
the length of the line to the short circuit, and 5 is defined by 

^S = UT + by ( 11 ) 


where /3 = 2ir/X = 2Tf/v is the phase constant. Thus iF| regarded as 
a function of b varies in the same way as a familiar resonance curve, as 
it should, since ^ is proportional to frequency. The spatial half-power 
points are indicated by the distances 5' for which the square of the 
admittance is reduced to one-half the maximum value for 6 = 0, since 
small attenuation has been assumed. This leads to 


from which 


1 1 _ 1 1 1 

Zl (asr + {b'y 2 Zl {as)^ 


5 ' = + as. 


( 12 ) 


The measurement of the distance 5' gives directly, therefore, the total 
attenuation {as) of length of the transmission line. 

Because of the obvious symmetry, the interval between the two half- 
power points is 26'. Using Eqs. (9) and (12), 


Q f ~ Ps p ' 


(13) 


Therefore the conventional methods of measuring Q will, if the phase 
constant is known, give the value of the attenuation constant of the 
transmission line. 

A practical arrangement for this measurement is shown in Fig. 13T6. 
The slotted section G should preferably be of the same transmission-line 
size as the line to be measured in order to avoid spurious reflections. By 
means of the cutoff attenuator, the indication for maximum power in 
the probe is adjusted on the final detector (preferably a spectrum ana- 

1 J. C. Slater, Microwave Transmission McGraw-Hill, New York, 1942, p. 35. 
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lyzer) to a convenient magnitude; the distances 5' through which the 
probe has to be moved in either direction from the maximum in order 
to obtain half-power indication, are then recorded. 

Although the derivation of Eq. (12) was based on the theory of the 
coaxial transmission line with real characteristic impedance, it can be 
shown that for small values of attenuation, such as encountered in trans- 
mission systems and low-loss cables, the same result is obtained with a 





oscillator 

Ji 

Fia. 13* 16. — Schematic arrangement for measurement of attenuation constant of trans- 
mission lines. 


complex characteristic impedance as is normally associated with a 
complex propagation constant. It is also irrelevant whether the losses 
are caused by series resistance, such as the losses in the conductors 
themselves, or whether they are caused by transverse conductance, such 
as the losses in dielectric materials filling the space between the con- 
ductors; the total attenuation a becjomes the sum of these two separate 
contributions. Finally, the same analysis is directly applicable to wave- 
guide transmission systems in which only one mode is utilized for power 
transmission. 

Direct Measurement of Staiuii ng-wave Ratio . — The previous method 
requires a precision measurement of a very small distance if the attenua- 
tion is very slight. In order to improve the accuracy, the same physical 
arrangement may be used as is showm in Fig. 13T6 to measure directly 
the large VSWR by means of the cutoff attenuator. The VSWR is 
defined in terms of maximum and minimum values of the voltage dis- 
tribution on the line by 

r = 



and can, of course, be converted into decibels of power ratio by taking 
20 logio r; this value is then directly read on the attenuator indicator. 
Since the voltage distribution along a short-circuited transmission 
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line as referred to the short-circuit terminal is given by 

F = Fo sinh yx 

with the absolute value 

|F 1 = |Fo| (sinh2 4. ^[^^2 (15) 

the maximum and minimum values may be easily found and the VSWR 
of Eq. (14) may be deduced for the approximation of slight attenuation, 

r = A- = 

nwa riT 

or also 

neper/ m, 

where n(Xo/2) is the distance of the voltage minimum utilized in Eq. 
(14). It is irrelevant whether the VSWR is measured to the preceding 
or to the succeeding voltage maximum as long as the attenuation is 
small enough to justify the simplified derivation. This method is equally 
applicable to coaxial transmission lines and waveguides that utilize 
only one mode for the transmission of power. Of course, a will refer 
to this particular mode only. 

For the measurement of the large VSWR, other suitable detector 
arrangements may be substituted, such as a crystal detector with galvanom- 
eter. A calibrated d-c attenuator would be placed between the crystal 
detector and the galvanometer in order to operate the galvanometer at 
optimum accuracy. 

13-6. Common Sources of Error in Attenuation Measurements. — The 

most prominent sources of error in almost all methods of attenuation 
measurement are directly related to the physical arrangements. The 
attenuation of a microwave component has been defined in Sec. 11*1 in 
terms of normalized tertninal conditions in either direction from the 
unknown component. Seldom, however, will these conditions be met 
exactly in practical measurements. The deviations constitute some of 
the most important sources of error. Other important sources are: 
leakage at the junctions of the microwave transmission system, which 
becomes particularly important in the measurement of large values of 
attenuation ; reaction of the input impedance of the unknown component 
upon the generator power level or frequency if this impedance deviates 
from the standardized line impedance; and finally. Instability in the 
detector section which usually contains an amplifier or heterodyne 
receiver. 

Errors Caused by Reflection Interactions , — For a consideration of the 
effects caused by mismatches in the generator and detector sections, it is 



(16) 

(17) 
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Source 


\A R\ 
C D 


Hfl 


most convenient to replace the unknown microwave component by a 

general, passive, linear four-terminal network of matrix • 

The general equivalent network ar- 
rangement of Fig. 13 T then becomes 
that of Fig. 13 17. Performing the 
measurement according to the defini- 
tion of attenuation, first, the power 
in load Zl would be measured when 
it is directly connected to the gen- 
erator section, then with the net- 
work inserted. The power ratio is 
given by conventional network theory as 

^ _ \(^Zl + B) + (CZl + D)Za\^ 


Generator 
section 


Fig. 


I 

13.17.- — Equivalent network 
attenuation measurement. 


for 


Zl + Za 1 

Since attenuation is defined in terms of the power ratio with 

Zl = Zo = 2o, 

the charac^teristic impedance of the transmission-line system, 

|(.lZo + B) + (CZo + D)Zo 


(18) 


Po = 


2Zo 


" = +(B + e + Dp, 


if the convenient normalized parameters are used, 

e = CZo. 


B 

(B = 


(19) 


( 20 ) 


The error of measurement can now be expressed in terms of Eqs. (18) 
and (19) as a correction factor, 


E- = (^(/L + ( B) + (Gqi, + D)qG ^ 2 ^ 

Po -f- (B + C + Z) + Qg 

where the further abbreviations have been introduced 

_ Zl _ Za 

Ql. y ^ "y 


( 21 ) 


( 22 ) 


It is most convenient to reduce all terms in Eq. (21) to directly measurable 
reflection factors, as for example: 


Ro = reflection factor of generator section, 

^ -r Qo 

Rl = I — r-^> reflection factor of detector section, 

I + Ql 




826 


THE MEASUREMENT OF ATTENUATION 


[S£c. 13-5 


ft' 


with 


, AqL + (B 
9 = 


reflection factor at the left ter- 


minals of a four-terminal network if its right terminals are 
connected to load impedance Zl, 

/J' = I — with On = reflection factor at the left terminals 

I + Qo e + D 

of a four-terminal network if its right terminals are connected 
to a matched load Zl = Zq, 

\ with g" = ^ reflection factor at the right 

1 + g" ^ eqa + A * 

terminals of a four-terminal network if its left terminals are 

connected to generator impedance Z«, 


ft" = 


K' = 


1 X," 


with qQ = 


Z) + (B 


reflection factor at the right ter- 


1 +(7o e + A' 

minals of a four-terminal network if its left terminals are con- 
nected to a matched impedance Za — Zq. 

With these designations, the correction factor'in K(i. (21) can be shown 
to take the alternative forms 


£- = 

(1 - R'o'R,.){l - R'Ro) 

2 

(1- R',Ro){\ - R"R,.) 

Po 

1 — RlRo 


1 — RoRl 


From an exact knowledge of the 7?-values, which are in general complex, 
the deviation in any particular measurement may be computed as 


A.4 = 20 logio 




- R'Ro) 
1 — RlRg 


db. 


(24) 


In most practical cases, however, the exact determination of the J2-values 
IS too cumbersome, if at all feasible, whereas the values of the voltage 
standing-wave ratio can be readily obtained. It is then possible to 
deduce only maximum errors in values obtained by accepting the meas- 
ured power ratio as indicative of the attenuation of the tested component. 
The voltage standing-wave ratio is directly related to the absolute value 
of the reflection coefficient \R\ by the monotonic relations 


r 


1 + ifti 

1 - |/ei’ 


l«l = 


r — I 
r + 1 


(25) 


By choosing the worst phase combinations for the reflection factors R, 
the maximum error, either positive or negative, follows from Eq. (24) as 

(£iA)r^ = 20 [log.o (1 ± IKP.I) + log.o (1 ± lE'IIEol) 

■ - logic (1 + lEi-llftol)]. (26) 

From given values of the various standing-wave ratios, the absolute 
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values of the corresponding reflection coefficients are first calculated from 
Eq. (25); these values are then inserted in Eq. (26). The upper signs 
lead to the maximum positive error, the lower signs to the maximum 
negative error. It is not obvious which maximum will usually be the 



Fia. Values of ±20 logic ( I ± r * The solid lines refer to the plus 

\ ri ± I r2 + 1/ 

sign, the dotted lines to the negative sign. 

larger one. To aid in the application to practical cases a chart of the 
general function 

+ 20 log.o (1 + \Kr\m) = ±20 log.o (l ± 

is given in Fig. 13*18, whereby the solid diagonals refer to the upper 
sign and the dotted diagonals to the lower sign. 

As a numerical example, assume that the VSWR values in the 
various combinations have been measured as 


r' = 1.15 


rj' = 1.1, 


ra = 2, 


Tl = 1.4. 
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From Fig. 13-18, the values are found 

+201ogio (1 ± = +0.20, -0.21 

+20 logic (1 ± |/2'||/2 g|) = +0.07, -0.07 
-20 logic (1 ± \Rl\\Ro\) = +0.51, -0.48 

= +0.78, -0.76 db. 

The measured insertion loss can therefore be anywhere from 0.78 db 
higher to 0.76 db lower than the desired (matched) attenuation value. 

From the general form of the correction factor in Eq. (21), it is 
obvious that reversal of the microwave component will lead to a different 
value of measured insertion loss, since, upon reversal, the parameters A 
and D interchange. If, on the other hand, Zl = Zgj but not matched, 
then reversal of the microwave component leaves the measured insertion 
loss unchanged because of the symmetrical form of Eq. (21). 

A different and considerably simplified treatment^ of the reflection 
effects on the input power level of attenuators is possible which permits 
the evaluation of deviations in the power level with fixed values, but 
varying phase relations, at any particular junction in ^ microwave system. 
It may be shown that the actual power level might differ in two 
separate measurements involving given VSWR values by a maximum 
amount of 


APmax = ± 10 Bog 


(I 


1 72 

- (f + r/2)‘^| 


db, (27) 


where 


qi is the smaller of r'/ro or r'^/va^ 
q 2 is the larger of r'/ro or r" /roy 


and where ro is the VSWR at the junction towards the generator section, 
and r' and r" are the VSWR values at the same junction in two successive 
measurements towards the detector section. An alternative expression 
is 




max 


±10 



(1 + \R'\\Ro\y 
(1 - \R"\\Ro\V 


1 

“l 


i «"11 

i«Tr 


(28) 


in which the reflectioj^ factors correspond to the VSWR values defined 
above. 

Measurement of the VSWR of the Generator Section , — The actual 
evaluation of the VSWR of the generator section with the oscillator in 
operation is generally rather difficult. A simple scheme, which avoids 
substantial reaction on the output voltage of the oscillator (if proper 
buffering is used), is the following. A sliding reactance, such as a 
deeply penetrating probe of a slotted section, is introduced and the 


* E. Weber, Errors in Attenuation Measurements Caused by Reflection Ix>8ses,'^ 
NDRC 14-365, PIB-39, Mar 16, 1945. 
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maximum and minimum indications on the detector are observed. K 
Rl and Ro are the reflection factors already defined, and if the detector 
measures voltage, then the ratio of maximum to minimum indication is 


_ _ 1 + 

FinTn “ " 1 - 


(29) 


If the value \Rl\ is known, it is easy to compute the value \Ro\ or to find 
it from Fig. 13* 19. 



Fig. 13- 19.- Values of 5 


20 logio 
1 + 


p and 
ri — 


P = 


(s^:) 


<ri -f 
fri - 


\ri 4- 1/ \ri + ly 



Fig. 13-20. Schematic arrangement for the measurement of the VSWR of the generator 

section. 


To demonstrate the validity of Eq. (29), assume as indicated in Fig. 
13-20 that the probe forms part of the detector section, and that the 
transmission line of length / is a four-terminal network of variable insertion 
loss (caused by the phase of the probe reflection). The four-terminal- 
network parameters of the lossless transmission line of characteristic 
impedance Zo and propagation constant y = j0 are 
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cos 

j ^ sin fil 


jZo sin 01 
cos 01 


Using the previous definitions, 

J?' = K' = 0, 


(30) 


and therefore the correction factor of the insertion loss from Eq. (23) is 


= 

Po 


1 - RLRoe-^i^^\ 


RlRo 


(31) 


The maximum and minimum values, respectively, can be found, and 
their ratio leads to 


p„,i„ Vl - \KL\\Ra\) ’ 


from which Eq. (29) is obtained. 

Error Caused by Leakage . — The second important source of error is 
leakage at junctions in the microwave transihission system. Suppose 
the microwave power level in a transmission line at a particular point is 
Po, and there exists, at that point, a source of power Pl as leakage from 
the generator or from other parts of the line. The extreme values of the 
resulting power level must, however, be computed from the superposition 
of the signal voltage Po and leakage voltage El. When attenuation is 
being measured, either by insertion of a microwave attenuator in the line 
or by changing a variable attenuator, the relative phase of the voltages 
Eq and El may take any value whatsoever, so that the error in the final 
power measurement becomes 

AP = 10 logio = 20 log,„ db. (32) 

Assume that in the measurement of large attenuation, the final power is 
70 dbm, and that the lealtage power radiating back into the transmission 
line is 90 dbm, then the relative leakage power is Pl = O.OlPo, and, there- 
fore, the relative voltage El = O.lPo* The error in power measurement 
thus becomes 

AP = 20 logio (1.1) or 20 log,„ (0.9) = db, 


a rather appreciable error affecting the accuracy of attenuation measure- 
ments. In order to make sure that the error is less than 0.1 db, the 
entering leakage power must be about 40 db below the main transmission- 
line power. Assuming a buffer attenuation of 10 db in the generator 
section, and another buffer of 10 db before the detector, then for the 
measurement of 75 db, the leakage path between generator and detector 
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must have at least 135 db attenuation. This indicates the seriousness 
of the problem. The following table gives the maximum errors in 
attenuation measurements with L = 10 logio (Pl/Po), a measure of the 
leakage power in decibels relative to Pq. 

Table 131. — Maximum Error in Attenuation Measurement Caused by Leakage 

P>FECT8 


L, db 

Maximum error, in db 

If leakage adds 

If leakage subtracts 

6.0 


-h9.6 

+ 3.0 


+7.6 

0.0 


+6.0 

- 3.0 

-10.7 

+4.7 

- 6.0 

- 6.0 

+3.5 

-10.0 

- 3.3 

+2.4 

-15.0 

- 1.7 

+ 1.4 

-20.0 

- 0.9 

+0.8 

-25.0 

- 0.5 

+0.4 

-30.0 

- 0.2 

+0.2 

-40.0 

- 0.09 

+0.09 


Leakage may be detected by changing the relative phase and noting 
the variation of the signal. This may be done with a line stretcher or by 
moving a large sheet of metal in the vicinity of the transmission line. 
Leakage can usually be reduced sufficiently by putting the generator in a 
shield can, by using poly iron chokes on all d-c leads with access to the 
transmission line, by making all connections tight, and by covering joints 
with steel wool or conducting paint. 

Errors Caused by Instability of Power Level . — Since most methods 
of attenuation measurement compare absolute power levels with and 
without the unknown microwave component, the measurements are very 
sensitive to variations in the power level of both the microwave power 
source and the local oscillator in the detector section, whether the detector 
is of microwave, intermediate, or audio frequency. 

In order to minimize power-level fluctuations in the main oscillator, 
thermal stability, stability to supply-voltage variations, and stability 
of the cavity resonator are required. A number of schemes of automatic 
supply-voltage regulation, of cavity-resonator control, and of thermal 
compensations have been developed individually for the various types of 
oscillator tubes. 

The importance of minimizing reflection interactions has already 
been stressed. The value and phase of the load impedance presented 
at the oscillator terminals greatly influences its output power, and 
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variations during attenuation measurement will cause errors of unpre- 
dictable magnitude. It is for this reason that the buffer H in Sec. 13*1 
assumes considerable importance. Its value must be so chosen that 
variations of the impedance in its output plane are sufficiently reduced 
to cause only insignificant variations in its input plane. Usually about 
10 db of attenuation proves sufficient. The allowable variations in the 
impedance of the input plane can best be gauged by the pertinent per- 
formance diagrams of the oscillator tube. 

In a similar manner, power-level ffuctuations of the local oscillator 
of the detector section will cause errors in attenuation measurements, 
and similar precautions must be taken. In addition, instability might 
occur in the amplifier, or in other associated circuits of the detector section 
with detrimental effects upon the accuracy of the indicator. Some of 
these effects will be treated more fully in connection with the calibration 
of attenuator standards, where they are, obviously, of greater concern. 

13-6. Calibration of Attenuation Standards. — Even though absolute 
measurement of power ratios is possible, it is convenient to have available 
devices that may be calibrated for use as attenuation standards. The 
cutoff attenuator might be useful as a primary standard if freedom 
from higher modes could be assured. It seems safer, though, to verify by 
careful attenuation measurements or ‘‘absolute calibration,’’ that it is 
usable as a primary standard; reliance on the accuracy of mechanical 
construction alone is not advisable. For most purposes of laboratory 
or field measurements, secondary standards of the dissipative type are 
preferable and are satisfactory if they have been calibrated either by 
absolute power measurements or by comparison with a cutoff attenuator 
certified as a primary standard. 

In general, the suitability of an attenuating device as a standard is 
characterized by the accuracy, permanency, and range of validity of its 
calibration. In turn, the accuracy of calibration relies upon the method 
of measuring attenuation; the permanency of the calibration is subject 
to the stability of the attenuating element as affected by aging, by 
atmospheric influences, and by the precision of the mechanical movement 
to ensure extreme reliability in setting; whereas the range of validity 
refers to the variation of calibration values with ambient temperature, 
with frequency, with air pressure, or with other influencing factors. 

Primary Standards . — The waveguide-beyond-cutoff attenuator with 
only one mode of electromagnetic-field distribution could well be used 
as a primary standard since its attenuation rate (exclusive of conductor 
losses) is theoretically defined (see also Sec. 11-3) by 
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with 



(34) 


for rectangular waveguides of large inside dimension a and small inside 
dimension b; or with 


Xc 


27r 

km,n 


a 


(35) 


for circular waveguide of inside radius a. In both cases ke is the relative 
dielectric constant referred to that of free space. As discussed in Secs. 
11*4 to 11*6 it is difficult to ensure the presence of only one mode of field 
distribution. In fact, the theoretical values of the rate of attenuation a 
can be only approximately achieved by special selective microwave 
filter sections such as the iris coupling in the standard attenuators 
described in Secs. 11*10 and 11*11, or by special design of the coupling 
elements as described in Sec. 11*12, or, finally, by the most promising 
method of dielectric mode filters^ as described briefly in Sec. 11*6. The 
most commonly encountered cutoff attenuators employ iris coupling, 
and only this type will be considered further. 

Since the iris-coupled cutoff attenuator uses the dominant mode 
(TEn) in the circular waveguide with kn = 1.841, the effect of the other 
modes, if present, upon linearity will necessarily be limited to the region of 
lower attenuation. It is advisable, in fact necessary, to check the begin- 
ning of the linear region in each individual cutoff attenuator with a fixed 
position of the receiving loop, since the absolute value of a can be used 
only within the linear region. This requires a very accurate measurement 
of attenuation such as described in Sec. 13.7. Unfortunately, the large 
value of initial attenuation caused by the impedance-matching devices 
might cause the nonlinearity to extend as high as 40 or 50 db which makes 
it rather difficult in certain cases to verify the onset of the usable region. 

Moreover, the accuracy of the value of a used depends on the mechani- 
cal measurement of the diameter of the tube and of its true circular 
cylindrical shape. It is best, then, to verify the exact value of a by 
accurate attenuation measurements, since according to Sec. 11.3. 


da _ _ da 
a a 


(36) 


for XJ « X^, the variations of the diameter have a directly proportional 
effect upon the attenuation rate a. 

^ A. B. Giordano, ‘‘Microwave .\ttenuation Standards,*’ NDRC 14-531, Oct. 
31, 1945. 
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Permanency of calibration is dependent only on mechanical features, 
particularly the exact angular position of the receiving loop. As to 
the range of validity of the calibration, variation of the calibration value 
of a is possible with frequency, temperature, humidity, and air pressure. 
From Eq. (35), assuming « X-, one finds 

doL 1 dk^ff /o^\ 


the effect of relative changes in the dielectric constant with temperature, 
humidity, or air pressure. Adequate corrections for these effects, how- 
ever, can readily be made. 

The variation of attenuation with wavelength can be obtained from 
Eq. (33) as 



The variation is small for (Xc/X)^ 1, but has to be taken into account 

for wideband use of the cutoff attenuator (see Sec. 12-3). Equation 
(38) indicates a decreasing rate of change of a with ihcreasing wavelength 
so that the design wavelength should be chosen closer to the short-wave- 
length end of the band considered. Assuming that Xi and X 2 are the 
shortest and longest wavelengths, respectively, in the design wavelength 
band, and that (Xc/Xi)^ « 1 to ensure minimum attenuation change 
over the band, then the design wavelength \d should be chosen in accord- 
ance with 



in order to give symmetry with respect to attenuation variations. This 
total variation of attenuation is given by 


da = 


27r 


KS’-feT] 


(40) 


referred to the attenuation at the design wavelength. To illustrate, 
let Xi = 8 cm, X 2 = 12 cm, and have Xc = 2 cm so that 


= 0.0625 « 1, 

then Xd = 9.42 cm, and da = ±0.027 neper/cm = ±0.237 db/cm, an 
appreciable value well above the accuracy of calibration. 

Because of the exacting mechanical accuracies required, satisfactory 
primary standards have been developed principally for the longer 
wavelengths; none is available yet for wavelengths shorter than 3 cm. 
For accurate setting of a selected attenuation value or for recording 



Sec. 13 - 6 ] CALIBRATION OF ATTENUATION ST AND ARBS 


835 


attenuation values in substitution measurements, the position of the 
receiver loop is read on a precision dial indicator with divisions of 0.001 in. 
In most measurements, only relative attenuation readings need be taken, 
namely, differences of indicator readings, which can be made very 
accurately. The knowledge of the theoretical attenuation rate makes 
the cutoff attenuator as accurate as the indicator reading can be made — 
makes it truly a primary standard for the linear range of attenuation. 

Secondary Standards . — Any standard which requires calibration 
either by independent power measurement or by comparison with a 
primary standard is usually considered a secondary standard since 
its accuracy must be lower than that of a theoretically defined standard 
value. Thus, all cutoff attenuators in their nonlinear region are second- 
ary standards. Because of their high minimum attenuation, these cutoff 
attenuators are not very useful as secondary standards, except that they 
can be built quite ruggedly and can be enclosed in a comparatively 
small space. 

Dissipative attenuators have the advantage of practically vanishing 
minimum attenuation; the metalized-glass precision attenuators have, 
furthermore, the advantage of permanency and considerable range of 
validity of calibration, and, if variable, they can also be made very 
accurate by suitable precision drives. These metalized-glass attenuators 
have, therefore, gained considerable prominence as secondary standards 
in laboratories and for portable microwave test sets. 

Fixed coaxial attenuators of the metalized-glass type in i-in. line 
size are particularly suitable as gauge blocks or fixed attenuation stand- 
ards (see Sec. 12T3); they can also be used to extend the range of precise 
power measurements. The performance of these units has been 
extremely reliable. Similarly, broadband fixed waveguide attenuators 
with metalized-glass plates in the various standard sizes can be carefully 
calibrated for use as gauge blocks to verify linearity of cutoff attenuators, 
or for extending the range of precise power measurements (see Sec. 12-10). 
In order to ensure permanency of calibration, it is necessary to use 
metalized-glass plates with German-silver eyelets and to solder these to 
the supporting struts; the use of cements cannot be recommended because 
atmospheric conditions sooner or later cause deterioration with attendant 
drift of calibration. 

Variable coaxial attenuators with metalized glass as power absorbing 
inserts have been used as secondary laboratory standards (see Sec. 12-14) ; 
the permanence of the calibration of well-made assemblies has been 
demonstrated, although moderate fragility prevents their use outside 
of laboratories. The internal mechanical structure makes the unit in 
the present form suitable only for narrow frequency bands that can be 
accommodated in the ^in. coaxial-line size. 
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Several very satisfactory designs of variable waveguide secondary 
attenuator standards have been developed using metali zed-glass plates. 
One example suitable for the wavelength range from 3.1 to 3.6 cm is 
shown in Fig. 13-21. The waveguide casing of this precision attenuator 
is made of cast brass, accurately milled in two halves to attain a high 
degree of uniformity. The two halves are soldered together. The casing 
is pinned and screwed to a cast steel base. The struts supporting the 


Dial indicator Oial indicator rod 



Fio. 1,3«21. — Waveguide inetalized-glas8 attenuator standard. 


glass plate are short and move freely through the side wall of the wave- 
guide casing without contact bearing, the motion being supplied by a 
precision mechanical drive. This drive is kinematically designed and 
the carriage is supported on precision ball bearings. The movement 
of the plate in 1/10,000-in. steps is recorded on a dial indicator fastened 
securely to the waveguide casing. The front plane of the boss driving 
the rod of the indicator dial is also the driving plane of the struts so 
that only the differential expansion of the rod and strut materials can 
cause uncompensated temperature effects on the mechanical alignment. 
A typical calibration curve is shown in Fig. 12-60 indicating an over-all 
spread of attenuation with frequency of the same order as would be 
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expected from a corresponding cutoff attenuator; the VSWR over most of 
the frequency range is less than 1.1 because of the short supporting struts 
for the metalized-glass plate. 

In order to check temperature sensitivity, special tests were per- 
formed with one sample attenuator. At room temperature, with the 
plate in its minimum position close to the guide wall, the movable dial 
of the gauge was set so that the indicating hand pointed to the zero 
of the dial. This will be referred to as the zero setting. By attenuation 
measurements, the dial reading for a 30-db change in attenuation at 
3.2 cm was determined at room temperature. The attenuator was heated 
by using incandescent light bulbs distributed around and above the unit. 
The temperature was observed at various parts of the attenuator, and 
when a temperature equilibrium was reached, measurements were 
repeated to ascertain the dial reading corresponding to 30 db at the new 
temperature and the zero setting. The results of these tests are shown 
in Table 13*2. 

Table 13-2. — Check of Temperature Sensitivity of Secondary A-tfenuation 


Standard 


Temp., 

Average dial 
reading of 

4 tests, mils 

Zero 

setting, 

mils 

Temp. 

change, 

1 ’ 

Dial reading 
minus zero 
setting, mils 

Deviation with 
reference to 
dial reading of 
108.59 mils, db 

25 

108.59 

0 

0 

108.59 

0 

30 

108.37 

-0.22 

5 

108.59 

0.00 

35 

108.25 

-0.37 

10 

108.62 

0.015 

40 

108.08 

-0.53 

15 

108.61 

0.01 

45 

107.92 

-0.70 

20 

108.62 

0.015 

25 

108.59 

0 

0 

i 108.59 

0 


The negative value of the zero setting signifies that the indicating hand 
read less than the zero value of the dial when the metalized-glass plate 
was returned to its minimum position. The average dial reading of the 
30-db value is with respect to the zero of the dial. However, if the change 
in the zero setting is taken into account, the dial reading of the 30-db 
value of the attenuator remains practically constant with temperature. 
This leads to the conclusion that the change of zero setting with tem- 
perature is caused only by the temperature coefficient of the gauge 
and that temperature changes do not affect the attenuation calibration 
of this precision attenuator if the minimum position of the indicating 
hand is made to correspond to the zero of the dial when the unit is being 
used. 

Another example suitable for frequencies near 24,000 Mc/sec has 
been described in Sec, 12*17 by the calibration curve shown in Fig. 12*62. 
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The special drive mechanism for this guillotine attenuator is accurate 
enough to permit resetting to better than ±0.1 db. 

13-7. Calibration with Absolute Power Measurement. — For the 
calibration of secondary standards as well as for the verification of 
linearity of a primary standard, very accurate methods of attenuation 
measurement must be chosen. The most reliable method based on 
direct measurement of the power ratio is the Ballantine-voltmeter 
method. Although the common errors in attenuation measurements 
have been described in Sec. 13-5, a more extensive and quantitative 
discussion of the specific errors in this particular method will be given 
in order to demonstrate possible improvements in accuracy as needed 
for careful calibration. 

The circuit arrangement of the method is as shown in Fig. 13-3. 
The effects of instability of the generator and of variable contacts in the 
connectors of the transmission-line equipment, can with care be kept to 
less than ±0.05 db. Particular care must be taken to establish proper 
and repeatable contacts at all junctions. To realize this condition, all 
contact surfaces should be cleaned with alcohol. * In the case of g-in. 
coaxial lines, all male pins should be sprung. Coaxial fittings with 
type N couplings should be fastened securely to the table, so that no 
relative motion can occur between the components; the type X fittings 
themselves should also be thoroughly cleaned with alcohol and mechan- 
ically adjusted to afford the best possible contact. The importance of 
cleanliness is emphasized by the fact that dirty contact faces on |-in. 
couplings can increase the above error to 0.15 or 0.2 db. If the compo- 
nents of the setup are loosely connected, additional errors may result. 
These errors depend on the location of the loose connections and are 
erratic; errors as large as 1 db have been observed when loose connections 
are present and components are out of line. Tluiy may be attributed to 
leakage as well as the large reflections created at the discontinuities. 
It is, therefore, necessary to make all connections reasonably tight. 

Specifically associated with the Ballantine-voltmeter arrangement is 
the error produced by the nonlinearity of the Wollaston-wire bolometer, 
and the total residual error of the Ballantine voltmeter after all known 
corrections have been made. 

Nonlinearity of Bolometer Characteristic . — The nonlinearity of the 
static (d-c) characteristic of the bolometer element can easily be demon- 
strated as in Sec. 3*24. For practical evaluation of th(» bolometer (diarac- 
teristics it is more convenient to use an approximate empirical relation 

It - Ro = KP% (41) 

where R is the bolometer resistance in ohms at a specific d-c; power level 
P in milliwatts, 72o the bolometer resistance at P = 0, n the exponent 
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to be determined experimentally, and K a proportionality factor. The 
unknown parameters n and K of this expression may be determined by 
means of the method of least squares from experimental data of P and R 
for any particular bolometer element. With the actual units typical 
values for Sperry barretters are n = 0.9, K = 7.57. 

Measuring attenuation, the bolometer will first carry the larger 
r-f power without the unknown attenuator inserted. Using symmetrical 
square-wave modulation the peak r-f power (P 2 — Pi) superimposed on 
the bias d-c power Pi is twice the average r-f power which defines the 
average over-all resistance. Inserting the unknown attenuator, the r-f 
power in the bolometer element is reduced considerably so that the 
total resistance will be close to the value Pi corresponding to the power Pi. 
Since the audio amplifier utilizes only the a-c component of the voltage 
established across the Violometer resistance, the nonlinearity will cause 
an error in the power ratio. Figure 3*49 is a graph of the percentage 
deviation from square-law response as a function of the power increment 
P2 - Pi. 

Accuracy of Ballantine Voltmeter and Preamplifier . — In the analysis 
of the over-all error introduced by the Ballantine voltmeter and pre- 
amplifier, the problem can be divided into two parts: (1) the combined 
error caused by the nonlinearity of the preamplifier and voltmeter 
amplifier, by inaccurate meter graduations, by discrepancies introduced 
by the meter movement, and by personal error in the meter reading, and 
(2) the error introduced by the inaccuracy of the range switches on the 
Ballantine voltmeter. 

The accuracy of the complete Ballantine-voltmeter circuit together 
with the preamplifier is best determined by measuring it with a well- 
calibrated Daven decade attenuator as a reference standard. 

As an example, a Ballantine voltmeter Model No. 300 with a battery- 
operated preamplifier was selected. The combination has an over-all 
gain of 120 db. The preamplifier employs a highly selective feedback 
circuit such that only the modulation frequency is amplified; thus the 
noise level at the input terminals of the Ballantine voltmeter is reduced. 
The scale of the voltmeter is linear in decibels and is of such dimensions 
that it can be read accurately to O.l db. For its calibration a Daven 
decade attenuator box. Model T-092, with a range from 0 to 111 db 
was chosen. 

The calibration of the Daven attenuator box was carried through 
with a Leeds and Northrup type K precision potentiometer using the 
circuit arrangement shown in Fig. 13*22. The input voltage to the 
decade attenuator is given by 

Rin ,, 

€in n f 

itaul 


( 42 ) 
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the attenuation for each step is found by 


18bc. 13-7 


a.uv = 20 logio 


Cin 

^out 


(43) 


- 

^ sw 





Daven ^ 
_o T-692 ^ 


1 

• 



To typ* K 


As indicated, the values of the resistor Al, ^in, were determined 

with good accuracy, the repeata- 
bility of the type K potentiometer 
for two successive runs being with- 
in ±0.01 per cent on the 10-db and 
1-db step dials, and ±0.1 per cent 
on the 0.1-db step dial. 

The calibration of the Ballan- 
tine voltmeter and preamplifier 
was carried out with the calibrated Daven attenuator box connected to 
the unit under test, as shown in Fig. 13*23. With the 10-db step dial, 
the insertion loss of the decade attenuator was adjusted for 20 db, 
and the audio level set to full-scale reading on the Ballantine voltmeter. 
The decade attenuator was adjusted so that the voltmeter read the 


R^=500.CX)0±0.1?5 ohms 
50.06410.1% ohms 

H,n measured at each step ±0.1% ohms 

Fio. 13-22. — Calibration of Daven decade 
attenuator box. 



voltmeter 

Fig. 13-23. — Calibration of the Ballantine voltmeter and preamplifier. 



exact scale markings from 20 to 0 db in one-half-decibel steps. The 
corrected reading was taken at each scale graduation from the calibration 
data of the Daven attenuator box, T-G92, and the correction plotted in 
Fig. 13*24. 

The personal error was reduced to a minimum value, for each reading 
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was repeated by two different observers for three successive runs. From 
the figure, it can be seen that when this instrument is used with a square- 
law detector, the resulting error will be ±0.15 db. Interpolation 
of the curve in Fig. 13*24 will reduce this error to ±0.05 db. 

The range switches on the Ballantine voltmeter can be checked by a 
procedure similar to that described for the amplifier-linearity test. In 
the same example, the range-switch error was not detectable for any one 
step. It was estimated that the sum of the four range positions would not 
introduce an error greater than ±0.05 db. 

Total Accuracy of the Method , — If all the precautions enumerated 
above are properly taken, the over-all error can at worst be the sum of 
all the individual contributions. The errors are summarized in Table 
13*3. 

Table 13-3. — Accuracy of Ballantin e-voltmeter Method 
Individual error 

Generator instability and contact effects 
Nonlinearity of bolometers 
Ballantine voltmeter and preamplifier 
Ran^e switches of Ballantine voltmeter 
Total 

The importance of the calibration of the individual components is 
therefore emphasized for precision calibrations. By exercising great 
care, it is possible to achieve an over-all accuracy of ±0.15 db in indi- 
vidual measurements, whereas for repeated measurements the probable 
accuracy should be not worse than ±0.05 \/3 = ±0.087 db if the 
individual errors given in the table are assumed to be independent. 
This indicates that the above method is a most suitable calibration 
method. 

With the introduction of a gauge block or precision fixed attenuator 
as discussed in Sec. 13*0, and with sufficient power available in the 
oscillator, the over-all attenuation range can be extended; the accuracy 
of the range is however, influenced by the accuracy of the gauge block 
itself. 

13‘8. Calibration of Secondary Standards by the Substitution 
Method. — The calibration of secondary standards is most conveniently 
done by comparison with a primary standard by means of the sub- 
stitution method described in Sec. 13*2. The accuracy that can be 
achieved will be discussed in detail here, together ^vith the sources of 
error peculiar to this method, and not already covered in Sec. 13*5. 


Without calibra- 

With calibration 

tion correction, db 

correction, db 

±0.05 

±0.05 

-0.07 


±0.15 

±0.05 

±0.05 

±0.05 

±0.25 

±0.15 

-0.32 
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An important point to observe is that the substitution method normally 
gives only relative values of attenuation referred to the minimum attenua- 
tion of the unknown component. For small values, the minimum 
attenuation certainly cannot be accurately determined by removing 
the unknown component and compensating the removed attenuation 
with adjustment of the standard; rather, this minimum attenuation 
must be determined by absolute measurement of the power ratio with 
and without the unknown component. This measurement has to be 
made very carefully since its value is additive to the relative values of 
the entire calibration curve. 

Choice of the Buffer Sections . — The general test arrangement for 
the substitution calibration is that shown in Fig. 13*5 which indicates 
a waveguide setup such as used at about 9000 IV I c /sec. The same 
block diagram applies with possible slight modifications for other fre- 
quency ranges and transmission-line systems. Buffer //, in the generator 
section, prevents reaction of load impedance changes upon the frequency 
and output power of the oscillator. The value of attenuation needed to 
keep the VSWR at a desired value close to unity can be ascertained from 
Fig. 11*11. Thus, if the maximum VSWR expected from the unknown 
attenuator is 1.30, the buffer H must be chosen as 10.15 db in order to 
keep the VSWR at the oscillator side to 1.025. Usually, if a value of 
10 db or 12 db is chosen, the input impedance to the load system at the 
oscillator terminals will remain substantially constant. 

Through the matching-stub section C?, buffer / presents a matched 
termination to the attenuator undergoing calibration. In Fig. 13*5, 
this buffer is set for 10 db so that the power reflected from the cutoff 
attenuator and adapter section is completely absorbed. The matching 
stubs are employed to create a matched termination of VSWR e(iual to 
1.03 or less, since the calibration is reliable only if the attenuator is 
terminated by a matched load. The VSWR must remain substantially 
constant throughout" the process of calibration; it has been observed 
that with a variation from 1.03 to 1.1 , only a negligible error is introduced 
into the calibration. However, if the VSWR is above 1.1, an appreciable 
error may be produced depending on the phase change introduced by 
the matching stubs and on the wavelength. For the worst phases, the 
conditions are depicted for a particular wavelength by the experimental 
curve shown in Fig. 13*25 where ri is the VSWR looking into the detector 
section, and rj is the VSWR looking into the unknown attenuator at an 
attenuation setting pf 30 db so that r 2 is independent of ri. As ri increases 
beyond 1.1, the error in attenuation rises rapidly above 0.1 db so that 
the calibration becomes meaningless. 

Buffer M prevents power feedback from the local oscillator of the 
spectrum analyzer into the calibration line. It also serves to terminate 
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the reference cutoff standard by the characteristic impedance of the line 
Its value was chosen at 4 db and variation up to 16 db did not indicate 
any noticeable error. This is because the cutoff attenuator possesses 
an inherent termination that is highly reactive. The calibration of the 
cutoff attenuator is not, therefore, critically dependent on the setting 
of buffer M. 

The total safe minimum insertion loss of the calibration system is, 
therefore, 12 + 10 + 4 = 26 db in the three buffers alone, whereas the 
cutoff-attenuator standard has a minimum attenuation value of about 
15 db. A total power loss of 41 db occurs and calibration can be con- 



1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 

VSWR ri 

Fiii. 13-25. — Influence of mismatch at input terminals of the detector upon measured 
attenuation. Attenuation level was 30 db and r 2 = 1.07. 

ducted effectively only up to about a 90-db power-level difference between 
source and detector, hence a useful and accurate calibration range of 49 db 
remains. 

The large minimurn insertion loss with the cutoff-attenuator standard 
has led frecpiently to the use of a very well calibrated secondary dissipa- 
tive standard as a reference standard. In this case, the arrangement 
of the detector section is shown in Fig. 13-6. Buffer H is chosen in the 
same manner as above, but buffer I need have a value of only 3 db since 
the input VSWR of the precision attenuator usually is less than 1.1 over 
the frequency range for which it is designed; otherwise it would be difficult 
to obtain an accurate calibration in accordance with the discussions of 
Sec. 13-5. 

Buffer M terminates the dissipative-attenuator standard by a matched 
load. To ascertain the error caused by an improper termination, buffer 
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H and buffer M were both set at 15 db and two precision attenuators were 
chosen as reference values. These attenuators were calibrated at 30 db, 
one against the other. The 30-db value of the first standard was recali- 
brated for different attenuation values of buffer M and the deviation in 
decibels determined. The procedure was repeated at several wave- 
lengths. The results are given in Table 13*4. Table 13*5 shows the 
deviation in decibels when the experiment was repeated for the 2-db 
setting of the same standards These data show that it is necessary to 
choose buffer M with a minimum value of 12 db of attenuation. 

Following the same procedure as outlined above, the deviation in 
decibels can also be determined when both buffer H and buffer M are 
varied. This yields the effect of two sources of error. The resulting 
maximum errors were +0.03 db and —0.04 db with variations of each 
buffer between 15 db and 9 db. This clearly indicates that utmost 
attention must be paid to proper buffering in order to keep the calibration 
errors within tolerable limits. 


Table 13*4. — Influence of Attenuation Value of Buffer M upon the 
Calibration with a Dissipative Standard at the 30-,db Attenuation Level 


Setting of 

X = 3,13 fin 

X = 3.20 cm 

X = 3.30 cm 

X =* 3.53 cm 

buffer M, db 

db deviation 

db deviation 

db deviation 

db deviation 

15 

0 

0 

0 

0 

9 

±0.02 

-0.01 

±0.01 

-0.01 

0.4 

±0.02 

-0.01 

+0.08 

-0.01 

0 

±0,01 

-0.00 

±0.05 

±0.02 

Table 13-5. — Influence of Attenuation Value of Buffer 

M Upon the 

Calibration with a Dlssipative Standard at 

the 2-db Attenuation Level 

Setting of 

X =» 3.13 cm 

X =» 3.20 cm 

X = 3.30 cm 

X = 3.53 cm 

buffer M, db 

db deviation 

dl> deviation 

db deviation 

db deviation 

15 

• 

0' 

0 

0 

0 

9 

-0.02 

±0.03 

-0.02 

-0.03 

0.2 

-0.05 

±0.03 

-0.02 

-0.00 

0 

-0.05 

±0.01 

-0.07 

-0.04 


The total safe minimum insertion loss of the calibration system is, 
in this case, 12 + 3 + 12 = 27 db, or 14 db less than when the cutoff- 
attenuator standard is used. 

Accuracy in Setting the Reference Standard , — The mechanical accuracy 
in setting the cutoff-attenuator standard can be made as good as ±0.1 mil, 
which corresponds at 9000 Mc/sec to ±0.01 db, approximately. For 
the dissipative-attenuator standard at 9000 Mc/sec described in Sec. 13*6 
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the setting accuracy is ±0.01 mil. Since the slope of the attenuation 
curve of this precision attenuator varies from 0.15 to 0.80 db/mil, the 
setting accuracy is from ±0.002 to ±0.008 db. It is, of course, desirable 
to make this mechanical adjustment as accurate as possible, since it can 
be most easily controlled. 

Effects of temperature and humidity usually cause additional errors, 
which can be kept small with proper design particularly by utilizing 
inherent compensation features. The attenuation rate (db/cm) of 
the cutoff attenuator standard depends on the diameter of the cylindrical 
bore. Since the material is usually solid silver, the diameter change with 
temperature is about 0.00126 per cent/°C. For ordinary laboratory 
uses, this change is entirely negligible. A diameter variation of ±0.063 
per cent causes an equal change in the attenuation rate a according 
to Eq. (36). For values of 15 db/cm this change results in 5a = ±0.0095 
db/cm. Therefore, in 60 db, the total error is ±0.038 db, an error 
comparable with some of the other errors to be considered. Humidity 
will affect the dielectric constant of air; this effect is negligible unless 
condensation of water vapor takes place. 

The effect of temperature and humidity on metalized-glass-attenuator 
standards is negligible if the metalized-glass plate is soldered on to the 
struts as pointed out in Sec. 13-6. 

Effect of Detector Noise . — In the calibration of higher values of 
attenuation, about 40 db with the cutoff-attenuator standard and about 
55 db with the dissipative standard, the total attenuation between the 
oscillator and the spectrum analyzer is 90 db or more, and the gain of 
the receiver must be set high. The noise of the receiver is amplified 
to such an extent that the signal or '^pip^' appearing on the screen of the 
cathode-ray oscilloscope fluctuates widely. Inherently, this fluctuation 
tends to introduce a calibration error. In order to determine the magni- 
tude of this error, a series of tests was performed at about 9400 Mc/sec 
in which the attenuation at a constant dial setting of a calibrated attenu- 
ator was recalibrated as a function of the amplitude of the fluctuation, 
the average height of the pip being kept constant. The results indicate 
that attenuation measured with a fluctuating pip is always higher than 
attenuation measured with a steady pip. The deviation in decibels as a 
function of the height of the fluctuation has been plotted in Fig. 13-26; 
the values represent the averages of three independent tests. 

In these tests, the amplitude of the fluctuation was varied by decreas- 
ing the input power to the spectrum analyzer and increasing the gain. 
This power decrease was accomplished by increasing the attenuation 
in buffer T and rematching the termination. Within the fluctuation 
range of 0 to 0.05 in. as shown in Fig. 13-26, an approximate error of 
-4-0.04 db can be Inade in measuring high values of attenuation. Actu- 



84ff THE MEASUREMENT OF ATTENUATION [Sec. 138 

ally, the calibration should not be carried into ranges of larger amplitudes 
of fluctuations because of the larger inaccuracies obtained. 

Accuracy of Readings of the Unknown Component . — Individual 
observations of the setting of the unknown component will vary because 
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Fig. 13‘26. — Calibration error contributed by signal fluctuation at high attenuation value. 

of needed interpolation, parallax of indicator and scale, mechanical 
inaccuracies, and so forth. In order to minimize these influences, it is 
recommended to proceed as follows (refer to Figs. 13-5 or 13 G): 

1. For the operating wavelength, match the buffer I (as termination 
of the unknown attenuator) to a VSWR of 1.03 or less by means 
of matching stubs G. 

2. Set the reference standard for a value that is a few decibels higher 
than the attenuation to be measured. 

3. By means of the receiver gain control, set the pip of the spectrum 
analyzer at a convenient level on the screen of the oscilloscope. 

4. Reduce the attenuation of the reference standard by a known 
amount. 

5. Insert attenuation of the unknown attenuator until the pip returns 
to the level set according to Step (3). 

6. Return the dial setting of the reference standard to the value 
selected in Step (2). 

7. Return the dial setting of the unknown attenuator to its original 
value. 

8. View the pip level. If the pip returns to the same level as in Step 
(3), the dial reading obtained in Step (5) is accepted. If the level 
has changed, the dial reading is discarded. 

9. This procedure is repeated for four acceptable dial readings and 
the average is taken to be the correct reading. • 
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The dispersion of the four acceptable values will depend on all 
the factors enumerated above and particularly on the mechanical drive 
of the unknown attenuator. In the case of secondary standards of the 
metalized-glass type this accuracy can be made rather high. In the 
region of the maximum slope of this secondary standard at 9000 Mc/sec 
(see Sec. 14-6), the maximum spread has been found to be ±0.04 db for 
careful calibration procedure. 


Table 13-6. — Comparison of Maximum Calibration Errors at 9000 Mc/sec 


Individual contributions 

Calibration with 
cutoff standard, db 

Calibration with 
metalized-glass 
standard, db 

Combination of buffers H and M 

+0.02 to -0.02 

+0.03 to -0.04 

Buffer / 

+0.02 to -0.02 

±0.02 to -0.02 

Mechanical resettability of reference 
standard 

±0.01 to -0.01 

+0.008 to -0.008 

Calibration error of reference standard 


+0.064 to -0.064 

Effect of detector noise 

±0.04 

+0.04 

Reading of the unknown component 

±0.04 to -0.04 

+0.04 to -0.04 

Total 

±0.13 to -0.09 

+0.202 to -0.172 


Total Error of Calibration Method . — The maximum total error incurred 
in the calibration of secondary standards is summarized in Table 13*6. 
With calibration against a cutoff standard, which has been certified 
to be truly linear, the error in the calibration can be anywhere between 
+0.13 and —0.09 db. However, the most probable measure of the 
reliability of the final result depends on the square root of the sum of the 
individual errors squared. This value is ±0.064 db, approximately. 

On the other hand, if the calibration is made against a secondary 
standard, the over-all calibration of this standard itself must be included 
and the maximum total error becomes +0.202 to —0.172 db. Again, 
the most probable error depends on the square root of the sum of the 
squares of the individual errors. This value, selecting the maximum 
deviations in each contribution, is ±0.10 db, approximately. 

These errors exist, of course, only under the conditions outlined, 
apply to the method of calibration, and presuppose good care in avoiding 
the more obvious general sources of error discussed in Sec. 13*5. The 
absolute values of attenuation may have still larger errors if the actual 
measurement of attenuation is not made under the proper conditions 
of termination. With the precautions indicated, however, and with the 
range of calibration restricted to the regions of small individual errors, 
the maximum deviation of absolute attenuation values should be small. 
As an illustration, take Eq. (26) and use the following values: 
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r' = 1.10, r'o' = 1.10, assuming the maximum VSWR of a secondary 
standard, 

Tg = 1.03, because of careful match of input buffer H, 

Tl = 1.03, because of careful match of the detector section. 

Then = ±0.014 db, a very small value indeed, "i'he most 

probable error of a careful calibration measurement also gives the error 
in the value of the absolute attenuation. 

13*9. Production Calibration. — Microwave test equipment frequently 
contains among its components attenuators of fixed or variable attenua- 
tion values. The calibration of these attenuators in a rapid and accurate 
manner is an important production problem. 

Calibration of Fixed Attenuators. — Fixed-value attenuator pads are 
usually used to extend the range of power meters or other instruments 
in a manner similar to the equivalent range selectors at lower frequencies. 
The attenuation values, therefore, must be calibrated, yet they need not 
be calibrated as accurately as secondary standards. Because of the 
special need for rapid measurement of similar,pieces, convenient modifica- 
tions can be made in the substitution method of calibration. Figure 
13*27 indicates a particularly useful arrangement whereby the unknown 
attenuators are inserted between the generator and detector section at 
ab. The microwave oscillator is modulated at audio frequency, and the 
output voltage of the first detector I can be either directly connected 
to the final audio amplifier and detector at C or connected to it at D over 
a carefully calibrated audio-frequency attenuator. With the unknown 
attenuator connected between a and 6, and the audio selector switch 
at C, a convenient indication is obtained on the final detector-indicator 
by adjusting the gain of the audio amplifier. Leaving this gain adjust- 
ment fixed, and moving the audio selector switch to neutral position 0, 
the unknown component is removed and the detector section directly 
connected to the generator section. The audio selector switch is moved 
to D, and the a-f attenuator pad adjusted to restore the same indication 
on the final detector as previously selected. The dial reading of the 
audio pad gives directly the attenuation value of the unknown attenuator. 
For calibration of many attenuators of the same nominal value, this 
method is extremely rapid, since the audio pad can stay adjusted to 
the nominal value and only a fine adjustment is needed to the exact 
value of the particular unknown attenuator. If a tolerance range has 
been defined, this range can be marked on the fine-adjustment dial of 
the audio attenuator and any unknown attenuator outside this range can 
be rejected. Inasmuch as the first detector must carry the microwave 
power with and without the unknown attenuator inserted, the method is 
practically limited to about 20 to 30 db if good accuracy is desired. 



Power n Audio I To probe, crystal, 

:iijnDiv freauencY I ^ double-stub tuners 
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matic arrangement for setting of attenuator pads to selected value. 
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Rather careful buffering of the oscillator is required in order to maintain 
output power and frequency setting; from time to time it is necessary to 
check these settings. A power monitor can easily be added for this 
purpose. One of the principal advantages of this method is that the 
audio pad can be calibrated at direct current with a precision potentiom- 
eter. By exercising care with all the other factors, this method can 
be made as accurate as the Ballantine-voltmeter method of absolute 
calibration. With proper modifications of the first detector 7, the 
method can also be used for any microwave frequency desired. 

Adjustment of Fixed Attenuators. — In many instances, particularly 
in the case of fixed waveguide attenuators, it is desired to set the insertion 
loss of each of a large number of similar pieces at a single value. A very 
suitable arrangement is that shown* in Fig. 13-27 where the output power 
of the side arm of a directional coupler K in the generator section is 
compared with the final power from buffer M. With the detector section 
connected directly to the generator section at the output terminal of 
the standard attenuator as shown, conditions are adjusted so that the 
input signals to the amplifier are equal. A push-button switch may be 
installed to facilitate comparisons between the two signals. If the 
standard attenuator is reduced by the desired amount, and if the unknown 
attenuator is inserted between o and h in Fig. 13-27 and adjusted so that 
the signals become equal, the proper setting has been obtained. The 
advantage of the method is that small changes in amplifier gain or oscil- 
lator output power do not necesitate recalibration. Both signals 
go through the same amplifier channel, and changes in gain affect both 
signals equally. If both crystals follow approximately the same law, 
small changes in the output power of the oscillator affect both signals 
about equally. 

Because there is a small amount of coupling between the two input 
terminals of the amplifier, it is desirable that both input signals be of 
the same order of magnitude. To accomplish this, it may be necessary 
to insert an additional attenuator between the side arm of the directional 
coupler K and the monitoring crystal detector P. 

Comparison of Directional Couplers. — It is often desired to measure the 
coupling of a large number of directional couplers of the same type. 
This may be done conveniently by comparison with one of the directional 
couplers which previously has been carefully calibrated as a standard. 
This standard coupler may again be K in Fig. 13-27, and the coupler to be 
measured is inserted in the detector section as shown in Fig. 13-28. 
The difference between the powers out of the two side arms is measured 
by means of bolometers and amplifiers with an audio attenuator. The 

* W. E. Waller, “ Microwave Attenuation Measurements,” RL Report No. 55.5 — 
11 / 12 / 45 , p. 14 . 
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bolometers replace the crystal detectors to ensure the same dependence 
on power in both detectors and the audio attenuator is used to bring 
the signal in the amplifier without gain adjustment to the same level 
in both cases. The difference in the audio-attenuator reading gives the 
difference in coupling of the two directional couplers. 

If the couplers sample anything but a negligible portion of the power 
in the main line, compensation must be made for the reduction in the 
amount of power that enters the coupler under test, which can be done 
best by means of the audio attenuator. 



K G N 

Fia. 13*28. — Modification of schematic arrangement in Fig. 13*27 (bottom) for coniparison 
of directional couplers with standard. 


Calibration of Variable Attenuators for Signal Generators , — Attenuators 
for signal generators for testing receivers and transmitters usually require 
wide ranges of adjustment, in most cases up to 75 or 85 db. As indicated 
in Sec. 13-2, such a range of attenuation calibration is difficult to achieve. 
It is not possible at present with a waveguide-beyond-cutoff primary 
standard because of its very high minimum insertion loss. The most 
common calibration procedure is, therefore, the substitution method with 
resistive precision attenuators as secondary standards, preferably of 
the metali zed-glass type as described in Sec. 13-6. Calibration of these 
resistive standards over the entire range of 80 db must be done in pairs. 
One member of the pair is calibrated by a primary method, such as is 
described in Sec. 13*7, the other member of the pair is then calibrated by 
comparison with the first using the substitution procedure. As a 
detector, either a spectrum analyzer or a standard radar receiver with a 
frequency band of 2 Mc/sec and an intermediate frequency of 30 Mc/sec, 
may be used. The output signal of this receiver may be indicated either 
as a pip if the local oscillator is sawtooth-modulated, or as a deflection 
of a voltmeter connected to the second detector if the local oscillator is 
operated without modulation. Despite its wider pass band, such a 
receiver has at least as great a sensitivity and has more stability than 
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a spectrum analyzer. The high sensitivity expected from the narrow- 
band receiver in the analyzer is seldom realized, and a tendency for 
regeneration usually hampers stability. The optical advantage caused 
by the manner in which noise adds to the signal from the wider bandpass 
receiver when an oscilloscope is used, permits operation closer to noise. 
A signal that is equal to noise is about —125 dbw, and this is therefore 
the final limit of sensitivity. 

The accuracy of the upper range of secondary standards is con- 
siderably lower than the accuracy of the lower range (see Sec. 13-8). 
Consequently, the absolute accuracy of calibration of the signal-generator 
attenuators is still lower, probably not better than ±0.45 db at about 
70 db total attenuation, since the mechanical drive is also less accurate 
than that of the standards. In the comparison of attenuators, possible 
deviations of twice this value must be expected. 



13 14 15 16 17 18 19 20 21 22 

Gap width in mils 

Fig, 13-29. — Shift of crossover of attenuation curves with variations in glass widths from 

X =3.13 and 3.53 cm. 

In view of the unavoidable inaccuracies of individual calibrations 
the possibility of eliminating the calibration by careful quality control 
of the production of attenuators should be considered. This cannot 
be done, at least in the case of waveguide attenuators, as has been 
demonstrated clearly in experiments on metalized-glass attenuators by 
studying the influence of mechanical tolerances upon the variation of 
attenuation vnth frequency. It has been shown in Sec. 12*18 that the 
capacitances produced by the electric field fringing between the metalized- 
glass plate and the waveguide walls exert a strong influence on the 
attenuation characteristics. The metalized-glass plate shown in Fig. 
12*58 was used with slightly varying widths in the same specially selected 
waveguide casing of 0.399 in. small dimension and of exceptional uni- 
formity. The attenuation curves for the wavelengths 3.13 and 3.53 cm 
intersect with normal tolerances in the neighborhood of 40 db total 
attenuation. For glass plates of widths varying between 0.356 and 
0.371 in.. Fig. 13*29 indicates how the crossing point of these two 
attenuation curves shifts from about 28 db to 55 db. As this crossover 
shifts, the spread between the attenuation curves at a fixed medium value 
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of 40 db varies according to Fig. 13*30. Thus only a very small variation 
in the gap is allowed if an over-all spread of attenuation of 1 db or less 
between the wavelengths chosen is desired. 

In order to reduce variations from attenuator to attenuator in produc- 
tion, the tolerances on waveguide dimensions as well as on glass width 
and thickness must be set close. If the glass plate shown in Fig. 12*58 
with a width of 0.363 ± 0.001 in. is selected and if the inner dimension 
of the waveguide is set at 0.400 ± 0.002 in., a total maximum variation 



Gap width in mils 

Fio. 13*30. — Total attenuation change at 40 db from X = 3.13 to 3.53 cm. 

of ±0.0015 in. in gap width will result centered about 18.5 mils as indi- 
cated in Fig. 13*29. This causes a variation of total attenuation change 
with frequency at 40 db from approximately 0.6 db at one tolerance 
extreme to 1.5 db at the other. A glass width of 0.3635 ± 0.001 in. 
reduces this to about 1 db. Other mechanical factors are also important, 
such as slight bowing of the glass plate, curvature in the waveguide 
casing, nonparallelism of the struts supporting the glass plates, and 
many others. Consequently any attempt to produce waveguide signal- 
generator attenuators of identical attenuation curves that would obviate 
calibration procedures seems utterly hopeless with present-day means. 




CHAPTER 14 


DIRECTIONAL COUPLERS 

By R. L. Kyhl 

14*1. Introduction. — In microwave systems it is often necessary to 
monitor the power which is being transferred through a transmission line, 
the line from a transmitter to an antenna, for example. Usually the 
monitoring must be accomplished by a simple device which does not add 
weight or complexity to the system. Such a device will employ a 
detector or detectors and some means of coupling power out of the 
transmission line in question. The simplest way of accomplishing the 
coupling is by means of a small probe such as that which is used in 
slotted-section measurements. Serious objections to this become evident 
at. once. The voltage generated in such a probe is proportional to the 
electric intensity at the position of the probe; this intensity varies from 
point to point along the transmission line to give the familiar standing- 
wave pattern. The voltage generated in the probe is then by no means a 
unique measure of power transfer. The same objection may be made to a 
probe consisting of a small loop projecting into the line. In this case 
it is the magnetic intensity that is picked up; the standing-wave pattern, 
although displaced, will be of the same magnitude. 

It is possible, of course, by means of a slotted section and sliding 
probe, or by means of a sufficient number of fixed probes, to determine 
completely the configuration of the electromagnetic waves in the trans- 
mission line, and in this way to determine, among other things, the net 
power transfer. This ig far too complicated to be a satisfactory solution 
of the problem. What 'is desired is a type of coupling which will deliver, 
to a single detector, power which is proportional to the power transfer 
in the transmission line. 

An attempt to answer this problem is the directional coupler, which 
measures the forward-going wave. Although this does not give exactly 
the power transfer, since there may be a reflected wave, it represents a 
much better approximation when the reflected power is small than does 
the simple probe. Equation (1) gives the dependence of power transfer 
on the amplitude of the forward wave, 

( 1 ) 
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where P is the power delivered to the load, E is the complex voltage 
amplitude of the wave in the forward direction, Zo is the characteristic 
impedance of the transmission line, and T is the complex voltage reflec- 
tion coefficient of the terminating load. Since the directional coupler is 
sensitive only to the forward wave, the power reaching a detector con- 
nected to the coupler is proportional to the power transfer in the line, 
independently of the value of F, except for second-order terms in F. 


where Pd is the power extracted by a directional coupler. A simple 
probe, on the other hand, is sensitive to the total field strength [£^(1 + F) | , 
so that 


Pd ^ P 


|1 + F|^ 

1 - |rl^’ 


(3) 


where is the power extracted by a simple probe. The probe power is 
then independent of F only if first-order terms in F are neglected. Since, 
in practical transmission lines, values of [Fj = 0.2 corresponding to a 
standing-wave ratio in voltage of 1.5 are common, these effects are by no 
means trivial. 

It is often desired to monitor or to measure the available power of a 
matched generator which is driving a transmission line. In this case 
power carried by the forward wave is proportional to the available power, 
and the directional coupler gives the correct value independent of the 
standing-wave ratio in the line. If the generator is not matched, the 
forward wave will depend upon load and generator impedances, but in all 
cases the simple probe gives a coupling which is more dependent on load 
and generator impedances than does the directional coupler. 

The above considerations also apply when the role of generator and 
detector are reversed, as can be seen from a consideration of reciprocity 
relations. This means that the directional coupler offers the same 
advantages when the problem is, for example, to put into a receiver a 
test signal which will be independent of the impedance of the antenna and 
of the other components in the transmission line. Then, too, there are 
many cases in which it is desirable to know the magnitude of a traveling 
wave for its own sake, as in the case of the reflectometer for measuring 
reflection coefficients. It has been assumed that the transmission line 
in question must remain operative. If it is possible to break the trans- 
mission line to insert detectors or generators, then the particular proper- 
ties of the directional coupler are of no special value. 

14*2. Equivalent Circuit of a Directional Coupler. — The problem of 
designing a device which is sensitive only to the wave in one direction 
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is equivalent to that of designing a device to excite a wave traveling in the 
reverse direction. From reciprocity considerations, a solution to one 
of the problems is automatically a solution of the other. This can 
be seen as follows: if a generator sends a wave down the transmission 
line in the rejected direction, that is, the direction in which the coupler 
is not sensitive, no power reaches the detector. Therefore, by reciprocity, 
if the detector and the generator are reversed and the probe generates, 
no power reaches the end of the transmission line containing the detector ; 
therefore any wave generated must travel toward the other end of the 
transmission line. The same argument of course can also be applied in 
the opposite direction. This indicates that a simple probe cannot be 
used since it would radiate power into the line in both directions. It 
suggests the use of two or more probes driven in the appropriate phases 
to cancel the radiated waves in one direction in a manner analogous to 
that employed in certain directional antennas. Thus, since most direc- 
tional couplers consist of a section of the main transmission line coupled 
to an auxiliary transmission line, the problem of sensitivity to power 

flowing in one direction in the main line is 
equivalent to the problem of exciting the 
transmission of power in a single direction 
in the auxiliary line. 

Consider, then, the generation of waves 
by a generator driving a probe or other de- 
vice forming a weak coupling to the line. 

‘ Such a generator can be represented in sev- 

Iio. probe oou- equi,,alent ways. A single electric 

probe may be represented by a shunt gen- 
erator, Fig. 14- 1 . The waves excited will be of the form 




A probe may be generalized to include any device which couples to the 
transverse electric field of the waves in the transmission line. For this 
type of excitation the voltages at symmetrical points on the two sides 
of the probe have the same phase, 

A simple loop may be represented by a series generator, Fig. 14-2. 
The waves excited will be of the form 
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e' = 

V ' 

i' _ gHut-kz) 

Zo 


z> 0, 


e' = \ 

i' = + |-»e>(<.<+*=-)| 


( 5 ) 


A loop may be generalized to include any device which couples to the 
transverse magnetic field of the waves in the transmission line. For this 
type of excitation the voltages at symmet- 
rical points on the two sides of the probe are 
out of phase. 

Next consider the problem of a trans- 
mission line excited by two probes. Both 
probes must be driven by the same gener- 
ator, of course, so that the waves will be 
coherent. The resulting waves will be 
linear combinations of the individual waves. We shall consider two cases. 

('ase 1. A shunt and a series probe excite the line at the same point. 

Here 

e= + \ 




2=0 


Fig. 14*2. — Magnetic loop cou- 
pling. 


( 6 ) 

e = +(^o - \ 

i = - 1 {Eo - j ® ^ 


If now the relative magnitudes and phases of the coupling are adjusted 
so that Eo = Eq, then c = 0 for 2 < 0, and the wave excited to the left 
will vanish. 

('onversely, from reciprocity considerations, a wave falling on the probe 

combination from the left would 
not be detected at the terminal 
I I pair which drives the two probes. 

In other words, the probe combi- 
1 ^ nation is sensitive only to an inci- 

T dent wave traveling from the right 

Fig. 14-3.— Probes spaced X/4 apart. J^^S the properties 

of a directional coupler. On the other hand, if we had made Eo ^ 
the wave excited to the right would have vanished and the directional 
coupler would have been sensitive to waves traveling in the opposite 
dilection. 
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Case 2. Two series probes drive the line at points separated by a 
quarter wavelength; Fig. 14.3. Here, 


giving 


i = ~ I 

^0 Lq ) 

t = + ^ ~ ] 

Zo Zo 



Z < 0, 


e 

i 


{Ey + I 



e = —{El — jEg)e>^“‘+'“' 

i = + (El- <“'+*»> 

Zo 


(7) 


( 8 ) 


If the relative magnitudes and phases of the couplings are adjusted so that 
El = jE^f the wave excited to the left will vanish, and by a similar 
argument, when a detector is used instead of a generator, the device is a 
directional coupler sensitive to a wave coming from the right. Notice 
that in this case the two probes must be connected so that there is a 

phase difference of 90° between 
them. 

These two examples will suffice 
to illustrate the general methods of 
obtaining directional properties. 
The various ways of obtaining the 
desired shunt and series excitation 
will be described subsequently. Actually any microwave junction can be 
represented either as a series or as a shunt circuit; however, the corre- 
sponding reference planes will be displaced one-quarter wavelength from 
one case to the other. Usually one of the choices has greater physical 
significance. 

14-3. The Bethe-hole Coupler. — We shall now consider a particular 
example of a directional coupler. A typical Bethe-hole coupler is the 
design shown in Fig. 14*4 for rectangular waveguide. It consists of two 
waveguides with their broad sides adjoining and a single hole furnishing 
coupling between them. The lower guide is the main transmission line. 
The upper guide is terminated at one end to absorb unwanted power, and 
the otiier end is connected to the detector. 


Absorber 



To detector Main line 

Fig. 14-4. — The Bethe-hole coupler. 
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To describe the characteristics of a directional coupler, use is made 
of the terms “coupling,” “directivity,” and also standing-wave ratio in 
the main transmission line. These are defined in terms of the quantities 



Fig. 14-5. — Definition of coupling and directivity. 


shown schematically in Fig. 14-5. A coupler is designed so that ideally 
Pb = 0, but actually it may have some value which is small compared to 
Pf. Coupling is defined by 

C = 10 logio (9) 

Directivity is a measure of the quality of the coupler and is defined by 

D = 10 log.o (0. (10) 

The standing-wave ratio which is measured in the main line looking in 
the direction of the wave to which the coupler is sensitive, with the other 
end matched, is often used to specify one characteristic of a coupler. 
Usually the standing-wave ratio in the main line is the same looking 
in either direction with the main line terminated in a match. 



Corresponding electric dipole 
Fig. 14-0.- Electric coupling through a small hole. 


In the Bethe-hole coupler, it can be seen that the hole provides 
coupling to both the electric and the transverse magnetic field compo- 
nents. This is illustrated in Figs. 14-6 and 147. The electric fields in 
the auxiliary guide in the neighborhood of the hole are similar to those 
generated by an oscillating electric dipole with its dipole moment parallel 
to the electric field of tfie incident wave in the main guide. Propagating 
waves will be set up in the auxiliary guide similar to those caused by 
such a dipole. In a like manner, the magnetic fields will behave as 
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though the hole contained a magnetic dipole moment which, however, 
is parallel to the transverse magnetic field in the main guide but in the 
direction opposite from it. In a pure traveling wave in the main line, 
the transverse electric and magnetic fields will be in phase. The electric 
dipole moment of the hole will also be in phase, while the magnetic dipole 
will be opposite in phase. Because of this reversal of sign of one type of 
coupling with respect to the other, the waves in the auxiliary line will 
cancel in the forward direction relative to the direction of propagation 
in the main line, and will reinforce in the backward direction. It is a 
general property of Bethe-hole couplers that the wave in the auxiliary 
line travels in the opposite direction from the wave in the main line. 



Corresppnding magnetic dipole 

Fig. 14*7. — Magnetic coupling through a small hole. 


As indicated in Sec. 14*2, the waves generated by the two types of 
coupling must be of equal amplitude in order to have complete cancella- 
tion and perfect directivity. The magnitude of the coupling through 
small holes has been calculated by Bethe,^ and his results can be used for 
design purposes. Bethe assumes that the radius of the hole is small 
compared to a wavelength, and the hole is far from corners or other dis- 
continuities in the plane containing the hole. The strength of the electric 
or magnetic dipole formed in the hole is proportional to the strength of the 
incident field and the polarizability of the hole. The polarizability 
depends on the shape of the hole and the direction of the incident field 
with respect to a line in the plane of the hole. 

The voltage coupling is given by {Trj/\oS){EiEgP ) ; Ei and E 2 are the 
electric-field intensities corresponding to waves of unit amplitude in the 
primary and secondary guides respectively, which would have existed at 
the position of the hole if the hole had been absent. P is the electric 
polarizability of the hole, and S is a normalizing factor. Similarly, the 
magnetic coupling is given by (tj/XoS)(//i// 23/), where M is the magnetic 
polarizability of the hole. The polarizabilities for a small round hole 
are given by Af = for the magnetic coupling, and P = |r* for the 
electric coupling, where r is the radius of the hole. It is seen that the 
ratio of the two kinds of coupling is independent of the size of the hole. 

^ H. A. Bethe, ^‘Lumped Constant for Small Holes, RL Report No. 1^4, Mar. 24, 
1M3; '^Theory of Side Windows in Waveguide,*' RL Report No. 199, Apr. 4, 1943. 
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The voltage coupling varies as the cube of r, so the coupled power varies 
as the sixth power of the hole radius. 

To equalize the couplings, the axis of one guide is rotated with respect 
to the other as illustrated in Fig. 14*4. The magnetic dipole in the hole 
must now be resolved into a transverse and a longitudinal component 
in the auxiliary guide. Since only the transverse components couple, 
the magnetic coupling is reduced by a factor equal to a cosine function. 
The electric coupling is unchanged. This scheme is effective only if the 
magnetic coupling is stronger than the electric coupling when the guides 
are parallel. Fortunately, this is often the case. When the couplings are 
equal, the phase relations of the two components are such as to produce a 
wave in the auxiliary guide traveling in only one direction from the hole. 

The wall thickness of the hole has the effect of reducing the coupling 
by a considerable amount. Moreover, it attenuates the two types of 
coupling by different factors. The hole may be regarded as a very short 
section of circular waveguide beyond cutoff. The electric coupling 
fields correspond to the TMoi-mode, and the magnetic coupling cor- 
responds to the TJS'u-niode in the round guide. Since the TAfoi-mode 
is farther from cutoff, it is attenuated more rapidly than the TjEn-mode. 
Thus the effect of the wall thickness is always to increase the proportion 
of magnetic coupling. 

If we let .4inc refer to the voltage amplitude of the wave incident 
in the main line, and At: refer to the wave coupled into the auxiliary guide, 
then for the electric case 

A*- = (£,*’,) F,{t), (11) 

-^inc AoO O 


where represents the attenuation in the hole of thickness t. 

If the two guides are alike, Ei = Eo, and if the hole is in the center 
of the broad side of the waveguide of dimensions a and 6, 


giving 



Ae 

^ino 


4:ir jr^ 
S\gab 



Similarly, for the magnetic case, 


Ah 

A'me 




cosd Fnit). 


( 12 ) 

(13) 

(14) 


The total coupled wave is then 


As + Ah 

A lac 


8irjr^ 

3ab\g 


cosS Fnit) + 2 



(15) 



862 

Coupling is then 


DIRECTIONAL COUPLERS 


[Sec. 14*3 


rd* 


Fe'] „ ] 

SabXg 




(16) 


where d is the diameter of the hole. The condition for equality of cou- 
plings becomes 


^ 1 (\X Fe 

- 2 y r. 

For this adjustment of the angle the coupling reduces to 

The directivity is given by 

lA-sVZf 

2 \Xo/ F H 


D = 20 logic 


| COS0 + ^(?^1 


^ . 1 /X,Y Fa 


(17) 


(18) 


(19) 


The attenuation factors for the effect of the thickness of the hole are 





(20) 

and 







(21) 


for a hole of thickness t and diameter d. If the thickness is very small, so 
that Fe/Fh can be set equal to unity, then 



cos 6 is unity and the two waveguides are parallel when (Xp/X)^ = 2 or 
when X = \/2 a. This is very nearly the case for the standard 1-in. 
by ^in. waveguide at a wavelength of 3.2 cm. 

The frequency sensitivity of the various properties of the directional 
coupler is usually of some concern. From the formula for directivity, 
it can be seen that frequency sensitivity appears in a term 


1 

2 



For thin walls the term Fb/Fh is relatively insensitive to frequency so that 
the frequency sensitivity is largely determined by the (Xj,/Xo)* term. 
The directivity falls off rapidly in both directions with frequency, from 
an infinite value at the design frequency. It is simple to calculate the 
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bandwidth for a minimum directivity of 20 db. If a coupler is assumed 
for which Fe/F h — cos ^ = 1, and X^^/Xo = \/2, the range of Xo for 
which i> > 20 db is 



where Xoo is the design wavelength. The total bandwidth is thus approxi- 
mately 20 per cent. 

A coupling factor of 20 db in a Bethe-hole coupler requires a hole so 
large that the approximations of Bethe's theory do not hold. Rotation 



Fig. 14-8. — Design curve for Bcthc-holc couplers in by by 0.040-in. wall waveguide, 

Xo =* 1.25 cm. 

of the guides from the angle predicted by the theory is necessary to 
obtain good directivity. The large hole in the guide wall sets up a 
reflection in the main transmission line. This is commonly matched out 
with a suitable iris. This problem becomes of importance for extremely 
tight coupling, 10 db or less. 

It is readily seen that the directivity of a practical coupler is a function 
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not only of the coupling mechanism but also of the reflection from the 
termination in the auxiliary line, since energy from the backward direc- 
tion can reach the detector by being reflected from this termination. An 
analysis of the effect of termination standing-wave ratio upon directivity 
is given in Sec. 14*10. The directivity of the actual coupler can be either 
better or worse than the directivity of the coupler with a perfect termina- 



20 30 40 50 60 70 80 


Coupling in db 

Fio. 14-9. — Design curve for Bethe-hole 
couplers in by by 0.040-in. wall wave- 
guide, Xo = 1.25 cm. 



10 20 30 40 50 60 70 80 

Coupling in db 


Fig. 14- 10. — Design curves for Bethe- 
hole couplers in 3- by 1 by 0.081-in. wall 
waveguide. 


tion. It is not practical to compensate for an imperfect directiv'ity by 
using a mismatched termination. This would be a critical procedure at 
best and in any case a narrow-band solution. A coupler is designed to 
give as good directivity as possible and the termination is matched 
within the tolerances of the over-all directivity required. 

Figures 14*8, 14*9, 14*10, 14*11 give pairs of curves for designing 
Bethe-hole couplers in several sizes of waveguide which have been 
investigated. The hole size is first determined to give the desired cou- 
pling, and then the angle of rotation of the second guide is chosen to peak 
the directivity. The curves were obtained from theoretical calculations. 
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Coupling in db 

Fig. 14-11. — OcsiKii curves for Bethe-hole coupler in 3- by IJ- by ().()8l-in. wall waveguide. 

Table 14-1, — ('oupling anp Directivity for Bethe-hole ( ouplers in the 10-cm 

Band 



Dimensions j 

1 


('oiipling 

1 

Directivity, db 



j 

Wave- i 

! 


Theory 
minus 
experi- 
ment, db 



Small 

hole, 

in. 

Large 

hole, 

in. 

Angle, ! 
deg. 

1 

length, i 
cm j 

1 

Theory, 

db‘ 

I^xperi- 

ment, 

db 

Theory 

Experi- 

ment, 

i 

0.740 

1.375 

52 

8.5 

34.13 

35.7 

1 -l.G 

50.1 

15 

n 740 

1 . 375 

25 

10 7 

1 34.73 

36.1 

1 -1.4 

50.9 

24 


i 1.5 

1 38.5 


1 

1 34.6 

35.7 

i -1.1 


21 


For mechanical purposes, the hole for the 3- by l^in. waveguide is 
in a large recess in the second thickness of wall as is shown in Fig. 14*12. 
It is found empirically that it is necessary to design for a slightly larger 
value, by about 1 db, of coupling than is actually desired. Figure 
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14-12 shows the construction of this size of coupler. Table 14-1 gives a 
comparison of some of the experimental and theoretical values for the 
3- by li-in. guide. 



Fio. 14* 12. — Bethe-hole couplers in 3- by 1 J- by 0.081 -in. wall waveguide. Choose d and B 
according to design curves in Figs. 14*10 and 14*11. 

14*4. Branched-guide Couplers. — The branched-guide coupler is a 
two-hole coupler which is particularly susceptible to exact analysis. 
Other types of two-hole couplers will be discussed in somewhat less 
detail in a later section. Figure 14*13 shows a branched-guide coupler 
in its usual form. 

A qualitative idea of the operation of this coupler is obtained from 
the discussion of the two series probes in Sec. 14*2. If a pure traveling 
wave exists in one line, the relative phases of the waves in the small 
guides are exactly right to generate a pure traveling wave in the second 
guide in the same direction. In this respect, all two-hole couplers are 
different from the Bethe-hole coupler previously described. 

In the following remarks the type of branched-guide coupler shown 
in Fig. 14*13 will be considered. The* same analysis with only minor 
modifications can be applied as well to eoaxial lines, or combinations of 
waveguide and coaxial lines; or indeed, to any type of transmission lines 
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arranged in this way. The representation of transmission lines as 
lumped circuits for purposes of analysis presents no difficulties. T-junc- 
tions present a more difficult problem, but it may be shown ^ that any 
symmetrical T-junction can be represented in the manner shown in Fig. 
14*14. Four parameters are necessary to describe the symmetrical 



(a) (6) 

Branched guide coupler Schematic branched guide coupler 

Fia. 14-13. — Branched-guide coupler. 


junction: two to locate the three reference planes, and two to denote the 
values of the circuit elements. Similar circuits can be given for other 
types of T-junctions. The positions of these reference planes are not 
arbitrary. Only for certain positions is the simple equivalent circuit 
valid. For an /:^-plane T-junction, however, the change in the position 





Fia. 14-14. — Equivalent circuit of T-junction. 


of these reference planes with frequency is very small. As a first approxi- 
mation, we shall assume that the positions of the reference planes at the 
junction are independent of frequency. In addition, we shall assume 
that jX = 0 and that the turns ratio of the ideal transformer is inde- 
pendent of frequency. This turns ratio will, in practice, be of the order 
of unity. 

With these assumptions, the branched-guide coupler has the equiva- 
lent circuit of Fig. 1415, where the quarter-wave branches have a charac- 


> Principles of Microwave CircuitSy Vol. 8, Chap. 8, Radiation Laboratory Series. 
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teristic impedance ZJ relative to that of the main transmission line. 
Since all the transformers are alike, they serve only to change the imped- 


4 


- xOOQy - 


- >.000/ - 


n r 



k=H 


Ih 


Lfm 

1 1 

LfWl!] 



n r 


Zq^ZIAi^-Z 


J u 




Fiq. 14*15. — Equivalent circuit of branched- 
euide coupler. 


Fio. 14*10. — Modified equivalent circuit. 


ance level of the stub lines so that we lose no generality in drawing the 

circuit as in Fig. 14- 16, if we let 



Z = 


n2 


(24) 


The equivalent circuit of a quarter- 
wavelength line of characteristic 
impedance Zo may be chosen to bo 
a T-network with the series ele- 
ments equal to jZo, and the shunt 
element equal to — jZq. The 
equivalent circuit of the coupler is 
then reduced to that in Fig. 14-17. 
The impedance matrix may be 
written down immediately by in- 
spection, remembering that Z^n is the voltage appearing at terminals m 
caused by a unit current at terminals n with all other terminals open- 
circuited. 


(25) 



V, 


' 0 j 

jz 

o' 


, > 
h 


F2 


j 0 

0 

jz 


12 


V, 


jZ 0 

0 

3 


Iz 


J*. 


lo jZ 

3 

0, 



We now assume matched generators of voltages Ci, c 

guides 1, 2, 3, 4 respectively. 

Then, 

since 

Vi 

= 



' * 

Cl 


1 J 

jz 

0 


f , 

i\ 


62 


j 1 

0 

jZ 


l2 


es 


jZ 0 

1 

3 


tz 




lO jZ 

3 

ij 




( 26 ) 
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If W is the determinant of the above matrix, and is the cofactor 
of the ij-element in the matrix, we may solve for ij as 

j = 1,2, 3, 4. (27) 

*-1 

We may now compute all the quantities of interest. It is sufficient to 
put 

62 = ez = 64 = 0 (28) 



to compute the effect of an incident wave at terminals 1. The currents 
produced by the other generators follow from symmetry considerations. 
We find the following expressions for the input impedance Zi„, the cou- 
pling Cj and the directivity D: 


y ^ 

Zjin — 


h ^l 


1 = 1 - z 


O' = 10 log,„ = 10 log,„ ^ 

V coupled / ^4;^ 

- 20 log,, (i. I/-') 

= 20 logu, 5 Z^y 

D = 10 log.o •) = 10 log.o 15^ 

\/ coupled back wM-d/ 1\^3/ 

= 10 log,,, = 20 log,,, 


It is seen that neither the voltage standing- wave ratio nor the directivity 
is perfect at the design frequency, but that both improve as the value of 
Z decreases. 

The frcciuency sensitivity of the branched-guide couplers is the result 
of several factors of which only the change in the electrical length of the 
line sections can be readily analyzed. This is the principal cause of 
frequency sensitivity. Other causes are the change of the position of 
the reference planes of the junction with frequency (cf. Fig. 14T4) 
and the change in the turns ratio of the ideal transformer in the junction 
representation. Also, there is the reactive term shown in the equiva- 
lent circuit which has been ignored in the analysis. In practice this term 
is quite small. 
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To perform the analysis of change in line length we must replace the 
representation for a quarter-wave line by that of a line of length I shown 
in Fig. 1418, where /3 = 2ir/\g. The frequency sensitivity arises from the 
change in The same analysis can be used to predict effects caused by 

changes in line length I at a single fre- 
jZq xan-^ jZ tan— quency since these variables always oc- 

^ cur as the product, fiL For Z « Xj,/4 

we approximate 

—jZo CSC pi « —jZo 

and 

Fio. 14*18. — Equivalent circuit of a ‘v /i i a ai\ /ofi\ 

transmission line. J^o tan « J^o(l 4" ^pl/y (32) 

where Api represents the deviation of pi from t/2, its value when Z is a 
quarter wavelength. The impedance matrix becomes 

K j jZ 0 

j K 0 jZ 

jZ 0 K j 

0 jZ j K 




where K = j {I + Z)Apl. Proceeding as before with matched generators 
we have 


1 + 


A 3 

i 1 + A 
jZ 0 

0 jZ 


0 

1 + A 
3 


0 

jZ 

3 

1 + aI 


the only changes being in the diagonal elements. We may, as before, 
put ^2 = ^3 = ^4 = 0 corresponding to sending a wave into one arm of 
the coupler, and solve for the I’s. We neglect all terms with higher 
powers of A than the/irst. The parameters of the coupler are then 




W 


1 = 1 - Z2 + . . . , 


(35) 


neglecting terms of order Z^, A^ AZ^ and higher orders. Thus Z|„, 
to this order of approximation, is independent of frequency. The expres- 
sion, of course, agrees with the exact expression previously derived, to 
the same order of approximation. The coupling is 


C = 10 logio 


(36) 


( 37 ) 
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Remembering that K = —K*, 

C = 10 logic [^ 2(1 + x“)] “ (zHl + 3X2 + • • • (38) 

SO that the coupling also varies only with and is frequency-inde- 
pendent to the first order. Similarly, the directivity is 



It should be pointed out that since K is imaginary, is negative, so 
the directivity given by the above formula is never perfect. The other 
causes of frequency sensitivity — changes in the parameters and in the 
reference planes of the junction — are important only for tight coupling 
and large Z. 

Values of the Circuit Parameters , — If the height of the branched guide 
is small compared with the height of the main guide, several good approxi- 
mations may be made. First, as before, the series reactance jX may 
be neglected. Second, the spacing of the reference planes in the main 
waveguide may be taken as zero, (see Fig. 14- 14). The approximate 
reference planes are shown in Fig. 14*19. The parameter d may not 
be neglected, however. Relative to 
the small branched waveguide, the 
main guide appears as an open circuit 
at a distance d beyond the plane of 
junction. At the junction plane, the 
open circuit appears as a shunt capac- 
itance on the branched line. Third, ^*^* 9 — Approximate reference 

. planes when 6 <5C o. 

the turns ratio of the transformer may 

be taken equal to unity, so that the branch-line impedance Z is the 
ratio of the height of the branched guide 6' to the height of the main guide 6. 

The value of the shunt capacitive susceptance on the branched line is 



This corresponds to a value of d given by 



( 40 ) 
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The design procedure in this simple case is straightforward. The 
height of the branched guide is chosen for the desired value of the coupling 
given by Eq. (30). To sufficient accuracy Eq. (30) reduces to 

C = 20 logio p- (42) 

The two branched guides are spaced a quarter of a wavelength apart 
along the main transmission line. The lengths of the branched guides 

are chosen to be smaller than a 
quarter wavelength by the 
amount 2d. 

If a close coupling is desired, 
so that 6' approaches 6, the above 
approximations are no longer 
^ valid. The correct values of the 

Fig, i4-20.~-Ait^rna^tive^repr^^^^^ of (.j^cuit parameters, n, d, jX, and 

the separation of the reference 
planes in the main waveguide may be found in the Waveguide Harulbook 
for the E-plane T-junction. 



jX jX 



}X ix 


Fui. 14-21. — Lumped circuit for coupler with junction reactance. 


Effect of Junction Reactance , — In addition to the method employed 
earlier in this section, the general representation of a T-junction can be 
made in another form as indicated in Fig. 14-20. If jX or jX' cannot 
be neglected, the lumped-circuit representation for the entire coupler 
can be of the form shown in Fig. 14*21. Since any lossless symmetrical 
T-network can be realized as a length of transmission line of real length 
and real characteristic impiedance, correction for the effect of junction 
reactance can be accomplished by changing the length of one set of arms 
or even by changing both sets. There will be a corresponding change in 
coupling. If only the stub lines are changed, the coupler will still be of 
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the simple form treated above. The values of the parameter X are given 
in the Waveguide Handbook, 

Modified Branched-guide Coupler . — It is useful at tight couplings to 
use a variation which has three different guide sizes instead of two. 
The ordinary type has a directivity of only 26 db at a coupling of 10 db, 
whereas the modification which is shown in Fig. 14-22 is perfect at the 
design wavelength. Unfortunately 
for the design of this type of cou- 
pler the parameters for unsymmet- 
rical junctions have not been 
tabulated. 

Branched-guide couplers can be 
designed which have perfect direc- 
tivity although none of the lines arc 
a quarter wavelength long and all 
the branches are of different char- 
acteristic impedances. The inves- 
tigation of these possibilities is too 
involved^ to present here, and has not yet produced any forms of practical 
value. 

14*6. Two-hole Couplers. — Two-hole couplers are included among 
those types which have a main transmission line, an auxiliary line, and 
two identical coupling devices spaced an odd number of quarter wave- 
lengths apart. The branched-guide coupler treated in the previous sec- 
tion is one member of this class. Others are the two-hole coupler shown 
in Fig. 14-23 and the inside-out coaxial coupler shown in Fig. 14-24. 
The individual coupling devices should be nondirectional, or if direc- 
tional, should favor the same direction as the complete coupler so that 
the directivity will be high. Two rectangular guides connected by holes 
in their broad sides would not operate satisfactorily since each hole 
is a Hethe-hole coupler transmitting primarily a backward wave and the 
cancellation of the backward waves would be imperfect. The frequency 
sensitivity of directivity is similar for all two-hole couplers. If the 
amplitude of the forward wave is unity, the amplitude of the wave in the 
backward direction is, to a first approximation, ^(1 + where I is 
the distance between the holes, assuming that the elements are non- 
directional. The power in the backward wave is 

li(l = cos2)8/. (43) 

If we write 

fil = i2n + ]) (^ + (44) 

^ B. A. Lippinaiin, “Theory of Directional Couplers,” RL Report No. 860, Dec. 28, 
1945; also Principles of Morewave Circuits, Vol. 8, Chaf). 8, Radiation Laboratory 
Series. 
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Fig. 14*22. — Modified branched-guide di- 
rectional coupler. 





Fio. 14*24.— -“Inside-out” coaxial coupler. 
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sin^* [(A/30(2n + 1)], (45) 

where (Aj80 is the departure of the hole spacing from an integral number of 
quarter wavelengths. Making the approximation sin 0 ^ we have 


D = 10 logic 


1 

(A/Siy(2n + ])*■ 


(46) 



- 0.20 - 0.10 0 0.10 0.20 

A/JJ 

Fig. 14«25. — Frequency variation of directivity for two-hole couplers. 



Hole diameter, d in. 



0.040 0.080 0.120 0.160 

Hole diameter, d in. 


Fia. 14*26. — Design curves for two-hole Fio. 14*27. — Design curve for two-hole 
couplers using round holes in the side of couplers using round holes in the side of 
I- by f-in. waveguide with 0.050-in. wall. 4- by H^* waveguide with 0.040-iii. wall, 

for Xo » 1.25 cm. 
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10 20 30 40 50 60 70 80 

Coupling in db 


Fig. 14*28. — Design curves for two- 
hole couplers using round holes in the side 
of 3- by 1 J-in. waveguide with 0.080-in. 
wall. 


an infinite directivity at the design 
wavelength which is generally not 
realized in practice because of re- 
flections, inaccuracies, or interac- 
tions between coupling elements. 
Far from the design wavelength, 
where the directivity is determined 
primarily by the spacing of the 
coupling elements, this formula is 
a good approximation. A plot of 
D against A/3Z is shown in Fig. 14-25 
for n = 0. 

The frequency sensitivity of 
coupling is almost wholly depend- 
ent upon that of the individual 
coupling elements since the addi- 
tion of waves in the forward direc- 
tion depends^only upon the equality 
of the two paths and thus does not 
depend upon freciuency. 

Design curves for an ordinary 
two-hole coupler such as that shown 
in Fig. 14-23 are given in Figs. 


Table 14*2. — Directional C'oupler.s Using Two Slots 
Data to accompany Fig. 14.30 


Waveguide size 

Slot 
length 
/, in. 

1 

Slot 

spac- 

ing 

in. 

Slot , 
height 
d, in. 

Wall 
thick- 
ness 
/, in. 

Curve 

in 

Fig. 

14*30 

A 

R 

(’oupling, db 

li 5y { by 0.004 in. 

0.350 

0.328 

0.400 

0.385 

i 

0.400 

0.400 

0.094 

i 

1 0.156 
0.094 

0.187 

0.187 

0.187 

24 .6 at Xo = 3.1 cm 

26 .7 at Xo == 3.5 cm 

1 by J by 0.050 in. 

0.290 

t 

0.430 

0.200 

0.150 

\ C 



0.325 

0.486 

0.187 

0.144 

D 



0.3,50 

0.430 

0.187 

0.144 

E 



0.350 

0.430 

0.200 

0.150 

F 


J by } by 0.040 in. 

0.070 

0.152 

0.062 

0.080 


34.3 at Xo « 1 .25 cm 


0.100 

0.152 

0.062 

0.080 


29.0 


0.1351 

0.152 

0.062 

0.080 

\ 

19.0 


0.166 

0.152 

0.062 

0.080 


8.5 
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14*26, 14*27, 14*28 for various sizes of waveguide. The curves show the- 
oretical coupling from the formula given by Bethe, 

® *»«■• ('^) - » [‘ - (^)T 2 - 

The coupling can be increased and at the same time broadbanded by 
using slots instead of holes. The slots, which are about a quarter wave- 
length long, are staggered in the side wall of the guide to prevent over- 





3.1 3.3 3.5 


3.1 3.3 3.5 


Xo cm 

1 j-in. by fin. by 0.064 in. wail waveguide 


^0 cm 

1 in. by jin. by 0.050 in. wall waveguide 


Fio. 14'30. — Experimental results on two-element couplers using slots in the side of guide* 
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lapping. Such' a cou|)ler is shown in Fig. 14*29. Figure 14*80 character- 
istics some of the couplers which have been made with this type of con- 
struction. The results are empirical. The theory of coupling through 
dots of this type has not been worked out. Table 14*2 gives the dimen- 
sions of the couplers whose characteristics are shown in Fig. 14*30 together 
with some additional observations. 



Fig. 14*31.~^Slottfd*bloc|( directional coupler for coaxial Mne. 


Two-hole couplers have also been constructed in coaxial line. One 
method employs two coaxial lines side by side with slots joining them,' 
as shown in Fig. 14*31. It is difficult by this method to obtain sufficient 
coupling without introducing large reflections in the transmission lines. 

^ R. 8. Julian, ** Directional Transmission Line Taps, ” BTL MM-44-170-6, Jan. 26, 

1944. 
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Eaqierijnentffl results for such a coupler are shovm in Figs. 14*32 and 
14^33. 

A more satisfactory method is to place one coaxial line inside the 
center conductor of the second coaxial line. Coupling apertures are cut 
out between them. The inner line can be brought out to terminals 
through stub supports. Figure 14*24 shows ^n ^4nside-ouC’ coaxial- 
line coupler of this type. In this way it is possible to obtain close cou- 
plings as is shown in the design curves of Figs. 14*34 and 14*35. In 
Fig. 14*35 the points represent experimental determinations; the curve 
is drawn on the assumption that the coupled power varies as An 
approximate formula has been derived for the coupling of inside-out 
couplers by making the assumption that the' coupling aperture is an 
elliptical hole in a plane conducting wall. This gives 


C « 20 logio 



5irr0* 


4 



(48) 


where B is the angular aperture of the slot in radians,; r is the radius of the 
cylindrical surface between the two 
transmission lines; Zq is the line 
impedance; X is the wavelength; tis 
the wall thickness; and W is the width 
of the aperture. The second term 
gives the attenuation through the 
aperture. The dashed line in Fig. 

14*35 shows the results of appl 3 dng 
this formula. The circled points are 
experimental. 

Broadband coupling can be ob- 
tained by using a composite coupler 
composed of two units in cascade. If 
the frequency sensitivities of the two 
couplers are of opposite sign, it is 
possible to obtain an over-all coupling 
which is frequency-insensitive. For 
example, a coupler with two round 
holes and a slot coupler could be used together. This method is of course 
applicable only where weak coupling is desired. 

14*6. Multiple-path Couplers. — An extension of the principle of the 
two-hole coupler is the multiple-path coupler. Waves add in the forward 
direction and cancel in the backward direction, but cancellation is 
obtained between waves excited by three or more coupling elements, 
usually spaced a quarter wavelength apart. A coupler of this type may 



0.050 aioo 0.150 OiOO 0.900 
Slot depth a in inches 


Fiq. 14-32. — Design data on slotted- 
block coaxial couplers in |-in. line. 
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be used to increase the coupling in the forward direction or to improve the 
frequency sensitivity of the directivity. For this purpose a set of 
coupling elements for which the coupled voltages vary as the coefficients 



8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 

Xcm 



8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 


Xcm 

Fio. 14-33. — Experimental result.s on slotted-block directional coupler in J-in. coaxial 
line. Upper curve.s give the measured coupling for two-.slot couplers with a nominal slot 
depth of 0.145 in. for different spacings between slots. The lower curves .show the meas- 
ured directivity, 

in a binomial expansion may be used. This improves frequency sen- 
sitivity in much the same manner as the use of binomial tapers in imped- 
ance matching.' 

' J. C. Slater, Microwave Transmission, McGraw-Hill, New York, 1942, p. 60. 
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Suppose we have two two-hole couplers spaced along a transmission 
line. If they do not have perfect directivity, each will produce a wave 
in the backward direction. If we space the couplers by an odd number of 



100 200 300 

Angular dimension of slot B m degrees 

Fio. 14-34. — Design data for concentric coaxial coupler between J-in. OD and |-in. OD 

coaxial lines for Xo = 10 cm. 



0.020 0.030 0.050 0.100 0.200 

Slot width w in inches 


Fio. 14-35. — Design data for concentric coaxial coupler between l-in. OD and |-in. OD 

coaxial lines. 


quarter wavelengths, the two backward waves will cancel. If we attempt 
to space them by one-quarter wavelength, the second hole of the first 
coupler will coincide with the first hole of the second coupler. We have a 
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three-hole coupler, with the center hole producing coupled waves of 
twice the amplitude of the waves produced by the outer holes. By 
repteating this process, we arrive at an (n -f- l)-hole coupler with binomial 
coupling. We can calculate the relative couplings by this same argu- 
ment as indicated schematically below. 

1 1 

+ 1 1 

1 2 1 

+ ^ 2 1 

13 3 1 

+ 13 3 1 

1 4 6 4 1 

+ 

Let (n -f- 1) be the number of such holes. Then let the voltage 
coupling through these holes be proportional to the coefficients of the 
binomial expansion 

n(n — 1) n{n — l)(n — 2) n(n — 1) • • • (1) 

1, n, > • • • n ■ 


In the forward direction these will add in phase to give a coupling pro- 
portional to 2". This does not mean that the coupling can be increased 
indefinitely since it is limited by the maximum coupling possible for 
the largest hole, and in order to materially increase the coupling the 
number of holes must be enormous. 

In the backward direction the waves add with alternating signs so 
that at the design frequency the backward wave vanishes 


1 — n + 


- 1 ) _ . , . ( - 1 ) - • 


1 • 2 • 3 


• • ( 1 ) 

• n 

= (1 - \)n = 0. (49) 


To determine the frequency sensitivity of directivity we introduce a 
small deviation from quarter-wave spacing. The expression for the 
backward wave is then 


1 _ -t- 


1 -2 


+ (- 1 )" 


1 

n(n — 1) 


>)M 


1 


1 ^ ^ 


= (1 — eM)n (50) 


For small values of A, the backward -wave is (— jA)", so that the back- 
ward wave vanishes to the n’th order of the frequency deviation. Some 
improvements over this method of broadbanding might be expected if 
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the spacings were staggered slightly so as to get the broadest bandwidth. 
However, interactions have been neglected in the analysis, and a more 
laborious calculation would be necessary to predict the optimum design. 
In addition, the frequency sensitivities of the coupling elements would 
have to be taken into consideration. Branched-guide couplers with 
many branches are also possible and form a type of multiple-path coupler. 

14*7. Reverse-coupling Types. — An important variation of the 
two-hole coupler is the reverse-coupling type. This differs from the 
ordinary two-hole coupler in having a reversal of phase in one coupling 
element as compared to the other. This is accomplished by using the 
symmetry properties of the coupling and can be done only in certain 



Fkj, 14-36. — Reverse-coupling directional coupler. 


cases. The advantage of a coupler of this kind is that the waves rein- 
force in the backward direction and cancel in the forward direction so 
that the cancellation is not so frequency-sensitive as in the simpler 
coupler. Because of the addition of the two waves in the backward 
direction, the coupling will have increased frequency sensitivity, but 
this is a slowly varying effect compared to the change in directivity of 
the usual variety of coupler. The individual coupling elements may have 
frequency sensitivity which can perhaps be used to balance out the other 
effect. 

One method of obtaining the phase reversal is sho^^^l in Fig. 14-36. 

The action of this coupler may be easily understood from the cross 
sections shown in Fig. 14-37. Here identical currents are produced in 
the secondary line by fields which are opposite in phase in the primary 
line for the two ^elements. 

Another method is shown in Fig. 14-38. The direction of the current 
lines across the slot, and hence the phase of coupling, will depend upon 
the side of the slot into which the screw is inserted. The strength of the 
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current and therefore the coupling will depend on the depth of insertion. 
This scheme has often been employed in antenna arrays.^ 

A third method which has proved useful in practice is known as the 
Schwinger reversed-phase coupler. This coupler is shown in Fig. 14*39. 


Secondary line Secondary line 



Fkj. 14 37. — Action of lU’A coupler. 



Fio. 14-38. — Second variety of reverse-pha.se coupling element. 


The reversal of phase between the two elements is indicated in Fig. 
14*40. The coupling is between the longitudinal magnetic field in one 
guide and the transverse magnetic field in the other. The use of a slot 
about a quarter-wavelength long results in broadband coupling (cf. 
Sec. 14*5). Experimental measurements on couplers of this type are 
shown in Fig. 14*41. Table 14*3 gives some results on a 10-cm-band 
models built in 3- by H-in. waveguide. 

1 Mcrowave Antenna Theory and Design, Vol. 12 Radiation Laboratory Series. 




Sec. 14-81 


LONG-SLOT COUPLERS 


885 


Table 14-3. — 10-cm-band Schwinger Coupler 


X, cm 

Coupling, db 

Directivity, db 

8.9 

-fio.e 

22 

9.24 

+20.8 

24 

10.0 

+22.1 

30 

10.55 

+22.7 

30 

11.1 

+22.9 

26 

11.55 

+22.7 

22 



Fio. 14-39. — Schwinger directional coupler. 



(a) 



Secondary guide 

m 

Fio. 14-40. — Reversal of phase in Schwinger coupler showing current linear. 

Figure 14*42 shows the slot dimensions for the coupler whose charac- 
teristics are shown in the table. 

14*8. Long-slot Couplers. — As the name implies, the long-slot coupler 
is formed of two transmission lines joined by a slot in the direction of 



886 


DIRECTIONAL COUPLERS 


[Sec. 14-8 


propagation. The slot is presumed to radiate or “leak” energy from 
one guide to the other at each point along its length. In the forward 
direction these incremental waves reinforce in phase. In the reverse 



3.1 3.2 3.3 3.4 3.5 ’ 3.6 

Xocm 



3.1 3.2 3.3 3.4 3.5 3.6 3.7 

Xq cm 

Fig. 14-41. — Schwinger directional coupler in 1- by 5- by 0.050-in. wall waveguide. 



Slot dimensions 

Fio. 14-42. — Slot dimensions of 10-cra-band Schwinger coupler. 

direction the incremental waves are of all phases and tend to cancel. 
According to this simple picture, when the slot is an integral number of 
half wavelengths long, all phases are equally represented in the reverse 
direction so that there is no net wave and the directivity is perfect. 
In any case, the longer the slot, the greater the ratio of forward-to-back- 
ward coupling. 

More sophisticated analysis shows that if the slot is carefully tapered 
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to prevent reflection from the ends, the directivity should be perfect even 
for very wide short slots. Further, it is possible to get all the energy into 
the auxiliary guide for any slot width by making the slot long enough. 
Making the slot still longer decreases the coupling. This limitation, 



Fiu. 14-43. — Construction of long-slot directional coupler. 



Xq cm 

Fia. 14-44. — Frequency dep>endence of 
coupling for long-slot coupler in 1- by by 
0.060-in. wall waveguide. 



Fio. 14-45. — Design data for long-slot 
couplers in 1- by by 0.050-in. wall 
waveguide. 


however, is never reached in practice. For small coupling, the coupled 
power is proportional to the square of the slot length and to the sixth 
power of the slot width. It is possible to obtain high directivities in 
practice with this type of coupler so that it is suitable for reflectometer 
purposes (cf. Sec. 14- 12). Its length, however, makes it unsuitable for 
most applications. The construction of a long-slot directional coupler 
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is shown in Fig. 14*43. The frequency sensitivity of coupling is large 
as shown in Fig. 14*44. The coupling obtained as a function of slot 
width is plotted in Fig. 14*45. 

In order to demonstrate some of the properties of the long-slot coupler 
it may prove instructive to consider the problem from two widely differ- 
ent approaches. First, we shall consider infinitesimal sections of the 
length of the slot as separate radiators. As was shown in Sec. 14*3, 

fringing fields in the auxiliary guide 
Original wave behave as if there were electric 

and magnetic dipoles in the slot in 
phase with the incident wave. 

Coupled wave These will radiate wavelets which 

/y will reinforce in the forward direc- 

/ ^ tion and tend to cancel in the 

reverse direction. We ignore any 
Wave recoupled into mam guide Possible directional properties of 

F.o. 14.46.-Opcration of long-slot coupler. *^6 individual slot Segments. 

Once a wave is set up in the 
auxiliary guide it will, in turn, radiate into the primary guide. It 
might be supposed that once half the power had entered the auxiliary 
guide a sort of equilibrium would be set up and further lengthening of the 
slot would produce no change. This is not the case, however. If the 
expression for dipole radiation into free space is recalled, it will be noticed 
that there is a 90® phase difference between the radiated field and the 
exciting field. The same holds for waveguides. The imaginary factor 
j in Eq. (11) represents the same phenomenon. The wave traveling 
in the auxiliary guide will hence be 90® behind the exciting wave. This is 
shown in Fig. 14-46. Figure 14-46 also shows that the wave reradiated 
into the primary guide is of such phase as to decrease the total intensity 
in the primary guide. One might almost say that the wave in the auxil- 
iary guide sucks” powder out of the main guide. This process continues 
until all of the power lias been transferred to the auxiliary guide, at 
which point the process reverses and power is transferred from the 
auxiliary guide back into the main guide. This action is exactly analo- 
gous to the behavior of two loosely coupled tuned circuits. 

For fairly short slot lengths, when the power transfer from the auxil- 
iary guide to the main line can be neglected, the coupled voltage is 
proportional to slot length and hence coupled power varies as the square 
of slot length. As with coupling holes, the coupled power varies as the 
sixth power of the slot width (cf. Sec. 14*3). The directivity for short 
slot lengths is by this analysis 


D == 10 logi 


(JL\\ 

\8in 01} 


( 61 ) 
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if the possible directional effect of an incremental section of slot is ignored. 
Since, however, most long-slot couplers have tapered ends on the slots, 
this formula, as will be seen, is not particularly significant. 

The second method of approach to these problems stems from a 
consideration of the two lines joined by the slot as a single transmission 
line of somewhat peculiar cross section. Figure 14-47 shows the types 
of modes which can be propagated in such a transmission line. Mode C 


\mm 

mfi ffm 

Mode A Mode B Mode C 

Fio. 14*47. — Normal modes in slotted guides. 

cannot be excited except by irregularities, but it can cause the troublesome 
*‘slot resonance’^ in long-slot couplers, or in slotted sections, (cf. Sec. 
8*3). It is totally reflected from the ends of the slot so that the slot 
behaves as a resonant section of line coupled to the rest of the system 
only by asymmetries. It is probably worth while to try to damp out 
this resonance, although this has not yet been investigated. 

At the ends of the slots, modes A and B couple to the two guides only 
in certain symmetrical ways which we shall refer to as modes A' and 
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Mode A* Mode B' 

Fia. 14*48. — Normal modes in two guides. 


respectively. These modes represent the two possible symmetries of the 
configuration and are shown in fig. 14*48. There may also be reflec- 
tions of these modes at the ends of the slot. We shall assume in this 
analysis that the ends of the slot have been carefully tapered to prevent 
reflections. Hence, if we simultaneously send waves down two guides to 
produce mode A', there will be a smooth transition to mode A along the 
slot and back to mode A' at the other end of the slot, without any reflec- 
tions. Similarly with modes B and B\ This is illustrated in Fig. 14*49. 

It can be seen from the figure that sending a wave down the primary 
guide from terminal 1, is equivalent to sending mode (A' + B') in at 
terminals 1 and 3. The fields in arm 3 will cancel. Waves will come 
out at arms 2 and 4 only; and there will be no reflected waves. In other 
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words, the coupler will have perfect directivity and be perfectly matched, 
independently of everything except the quality of the tapering of the 
slot. The coupling comes about by virtue of the fact that modes A and 
B mil have slightly different propagation velocities with the result that 

Secondary guide 


Arm3 ^ 

1 A — - 


Arm 4 

1 

Arm 1 

^ —A' A — ^ ’^Slot 


Arm 2 


Primary guide 




Arm 3 j 






; Arm 4 

Arm 1 

y. — 


^Slot 


Arm 2 


Fio. 14-49.- 

—Modes in 

long-slot 

coupler. 



modes A' and B' will no longer be in phase in arms 2 and 4. In arm 4 
the amplitude will be 

= e ^ [e ^ — e 

|^; 4 | = |2sin (/3« - (52) 

In arm 2 similarly 

\Et\ = 2 cos {0s - 0a) I - (53) 

where Pa and Pb are the wave numbers of the corresponding modes and 
I is the length of the slot. The effect of slot width comes in by w^ay of its 
effect on Pa — Pb- 

Since P is dependent only on the cutoff wavelength, the behavior of 
such a long-slot coupler over a frequencj^ range is given by two parameters 
in addition to length. Usually both cutoff wavelengths are near the 
cutoff wavelength for the unperturbed guide so that the only quantities 
necessary to specify the coupler are the length and the difference between 
the two cutoff wavelengths. Further analysis shows that care must be 
taken to ensure that the waves in the two guides have the same propaga- 
tion velocity. Otherwise the running waves will get out of phase with 
each other, and it will not be possible to obtain maximum coupling. This 
is more critical for long slots than for short ones; the condition is that the 
difference in path lengths for the length of the slot should be negligible 
compared with a wavelength. 
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14*9. Resistive-loop Couplers.— It is well known that coupling loops 
have a tendency to couple to the electric as well as the magnetic field. 
This is exploited in the resistive-loop type of coupler shown in Fig. 14*50.^ 
Without the resistance the device could not have directive properties, 
since it would then be a three-terminal-pair lossless device, which can be 
rigorously represented as a pure shunt (or series) junction. This theorem 
is prove in Vol. 8, Chap. 9. 

The relative strengths of magnetic and electric coupling can be 
adjusted by rotation of the loop. In addition, the value of resistance 
controls not only the relative magnitudes of the couplings but also their 
phases. This type of coupler can be inserted in either waveguide or 
coaxial transmission line. 



Fio. 14-50. — Resistive-loop coupler. Fia. 14-51. — Resistive-loop coupler with 

fourth line brought out. 


An unusual feature of the resistive-loop coupler is that the absorbing 
material is placed ^vithin the coupling region rather than in the end of a 
transmission line as is the case in the other couplers described. A 
variation which is more like the conventional design is shown in Fig. 
14*51. 

Little is known about the design of resistive-loop couplers. Since 
it is difficult to construct loops to close tolerances, it is probable that 
this design will find its most suitable applications at frequencies lower 
than 3000 Mc/sec. 

14*10. General Theoretical Considerations. — For most purposes it is 
sufficient to describe a directional coupler in terms of directivity, cou- 
pling, and possibly its reflection coefficient in the main line. For some 
purposes, however, it may be necessary to describe the coupler more 
completely and exactly. It is sufficient to specify the impedance or 
admittance matrix of the coupler considered as a three-terminal-pair 
linear network containing loss. It will be more convenient to specify 
instead the scattering matrix, since the directional properties are more 

1 G. B. Myers and B. P. Charles, ^‘The Reflectometer,’^ Navy Report 521, Aug. 25, 
1944. 
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evident in this form. Only the method of approach to the general prob- 
lem will be indicated here. 

The scattering matrix gives the relationship between the waves leaving 
the network and the waves entering the network. We write 


b — Sa> 




(Sn 

-Si, -Su' 


/ > 
ai 


6* 

^3 

= 

-Si, 

iSis 

S22 S2Z 
828 Sn 

X 

(I2 

dz 
\ ^ 

, (54) 


where the o*s are the complex voltage amplitudes of the incident waves 
and the 6^s are the complex voltage amplitudes of the scattered waves. 
For a three-terminal-pair network, the scattering matrix (which is 
always symmetrical) has six complex parameters. The phases of the 
complex Sij elements are functions of the positions of the arbitrarily 
selected reference planes. 

The magnitudes of the scattering coefficients are immediately inter- 
pretable in terms of the previously defined quantities. If in Eq. (54), 
we call terminals 1 and 2 the terminals of the main transmission line 
with power going from 1 to 2 in the forward direction, and call 3 the 
probe terminal, then the various elements in the matrix have the follow- 
ing physical significance. The coefficients Su, S 22 , aSss represent reflection 
coefficients in the various arras, 1, 2, and 3, with the other arms matched, 
and in a good directional coupler they are all small. For the usual 
symmetrical coupler construction Sw — S 22 . 
Ordinarily, only is specified. The coefficient 
>Si 2 represents the transfer of power in the main 
line past the coupling mechanism. The value of 
|*Si 2 | is slightly less than unity. The coefficient 
Siz represents the voltage coupled to the detector 
from a wave in the forward direction incident at 
terminal 1. It is a measure of the coupling C. 
The voltage coupled in the backward direction is represented by 821 - If 
the directivity is perfect, Stz = 0. More exactly 

C = -20 logio IS 12 I, 
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. ® 


Fio. 14-62. — Four-termi- 
nal-pair representation^ 


D = 20 logic 


(55) 


A more fruitful method of general approach is to consider the direc- 
tional coupler as a four-terminal-pair nondissipative network with an 
external load (see Fig. 14-52). This representation is permissible since 
usually the resistive material is actually placed in an external line. 
.This does not hold for the resistive-loop type of coupler, but here the 
resistance may be considered a single lumped element to a good approxi- 




Sec. 14-10] GENERAL THEORETICAL CONSIDERATIONS 


893 


mation and as such can always be represented in this manner. This 
approach is valuable since it allows use of the theorems concerning 
nondissipative networks. Besides, there are a few applications in which 
directional couplers are used without the terminating resistance and all 
four terminal pairs are connected to other networks or components. 

In this representation an ideal directional coupler is represented by 
the scattering matrix 


Main line 
Auxiliary line 
where 



(1) 

(2) 

(3) 

(4) 

(1)1 


0 

Si2 

0 

^14 

(2)1 


Si* 

0 

S2S 

0 

(3)! 


0 

S2Z 

0 

Ssi 

(4)1 

1 

-Su 

0 

Szi 

0 


(56) 


1 ^ 12 ! — 1 *^ 34 !, and |aS' 23| = I*'^'i4|, 

and 

\Sn\^ + 1 .^ 231 ^ = 1 , 


so that by a suitable choice of reference planes we may write the scattering 
matrix as 


\/i - 7* 


0 

y 



0 y 

7 0 

0 \/ 1 — • 7^ 
VI^T^ 0, 


(57) 


where 7 is a real quantity. The ideal coupler then has these properties : 
it is matched in all directions; the directivity is perfect both ways; and 
the coupling coefficient is the same both ways. Such ideal couplers are 
realizable in practice only at a single frequency. 

The influence of the built-in termination upon the directivity of the 
coupler considered as a three-terminal-pair network can be determined 
in the following manner. In Sec. 14-3 directivity was defined as 


D = 10 logic 



(58) 


where P/ is the power coupled through the guide in the preferred direction. 
Since the amount of power reaching the termination from a forward wave 
is much smaller than this, the voltage standing-wave ratio of the termina- 
tion cannot appreciably affect P/. For Ph the situation is much dif- 
ferent. The directional element alone contributes an amount Po, 
caused by a unit backward wave. At the same time the termination 
receives an amount of power which is approximately equal to P/ since the 
directional element is symmetrically constructed. The amount of 
power to the termination is, in the case of a backward wave, large com- 
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pared to Po. Any reflection from the termination will go largely to the 
output terminals and will contribute to in which it may indeed 
be the primary factor. If Tt is the reflection coefficient of the termina- 
tion, then the output voltage will be a vector sum of the voltages from 
these two sources or 

Pt = |Po^^ + (59) 

where takes care of the possible phase relationship between the two 
waves. The extreme values of the directivity will be given by 






= 10 logic ^ j 


Pf 


1 + l\ 


= 10 logic ^ — 20 logic 
^ 0 



(60) 


Letting Do = 10 logic (P//Po), we obtain 
D = Do — 20 logic 




(61) 


The second term may be larger than the first. The magnitude and 
phase of Tt may always be chosen so as to make the directivity infinite. 
This is not feasible in practice. It is usually more convenient to design 
couplers with a satisfactory value of Do and to keep the effect of Tt small. 
This means in effect keeping 

!Pf 


r, 


«i. 


(62) 


It is often convenient, instead of speaking of directivities, to define 
unbalance reflection cbefficients as 


Equation (59) then becomes 


- 4f,- 


Also 


ru = |r» + 


(63) 


(64) 


D = -20 logic To. (65) 

14*11. Measurements of the Properties of Directional Couplers. — The 
measurement of the various properties of directional couplers is not 
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appreciably different from other r-f attenuation and impedance measure- 
ments. Certain techniques, are, however, especially applicable. Dis- 
tinction can be made between the measurement of a completed coupler 
including termination and adapters to particular types of fittings or line 
connections, and the measurement of the coupling element itself ; that is, 
the hole, or slots, or other means of providing the directional property. 
Measurement of the coupling element would be, of course, primarily for 
purposes of research or design of new coupler types. This discussion will 
confine itself to the measurement of directivity, coupling, and VSWR. 

Measurement of Sn does not need to be mentioned further. Obvi- 
ously, in measuring VSWR in the main line, a termination should be used 
that is better than the desired accuracy of the measurement. The 
technique of a sliding termination described in Sec. 8*7 is useful here. 

The measurement of coupling is a standard attenuation measurement. 
Since most couplers are designed to couple more closely than 40 db, no 
great difficulty should be met. Often the coupling must be measured 
between two different types of transmission lines which fact introduces a 
slight complication. Methods of making such measurements are 
described in detail in Chap. 13. Incidentally it should be pointed out 
that a directional coupler with well-matched terminations on two arms 
forms an excellent fixed-attenua- 
tion standard, especially for the 
higher attenuation ranges. Since 
the absorbing material appears 
only in the form of terminations, 
the device is completely stable and 
independent of power level, tern- match 

perature, or humidity. 14-53. — Measurement of directivity. 

Directivity is somewhat more difficult to measure. In the first 
place, the attenuation is greater. If a 40-db coupler has a directivity 
of 30 db, to take an extreme case, the total attenuation from the main 
line is 70 db in the backward direction. This offers serious problems. 
In addition, for measuring completed couplers the termination which 
is connected to the far end of the main line must be very accurately 
matched. The effect on measured directivity is the same as that of 
the matched termination incorporated in the coupler. The experimental 
arrangement for measuring directivity is shown in Fig. 14*53. 

The voltage reaching the output load from the forward wave as a 
result of the imperfect directivity of the coupler is 

Vp; = a/P/ = r„ VPf. (66) 

If the termination used in the measurement has a reflection coefficient 
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r, then a portion of the reflected wave given approximately by T s/P^f 
in voltage will reach the output terminals. The 'resulting wave "N/Pi 
mil be the vector sum of the two. If we define the measured unbalance 
reflection coefficient 

r« = (Fi. VPt + e'>V VPs), (67) 

then 

Tm = \Tj> + Te% (68) 

but this has exactly the same form as Eq. (64) describing the effect 
of the built-in termination on directivity. Another method of deter- 
mining directivity is to use a tunable impedance to terminate the main 
line. This can now be tuned until no power reaches the detector. The 
reflection coefficient F of the variable impedance is now equal to the 
unbalance reflection coefficient Fd and can be measured with an ordinary 
slotted section. This method has the advantages of being a null method 
and of being independent of generator and detector impedances. It 
is suitable for the ordinary range of directivities.* A directivity of 40 db 
corresponds to an unbalance voltage standing- wave ratio of 1.02, which 
is about as low a value of voltage standing-wave ratio as can be con- 
veniently measured with a slotted section. Care must be taken to 
measure the tunable load at exactly the same frequency as was used in 
balancing the coupler. 

14*12. The Reflectometer. — The application of directional couplers to 
the measurement of reflection coefficients of transmission-line components 
by measuring the magnitude of the reflected wave is an obvious one;* 
but the accuracy needed and the techniques used are sufficiently different 
from those used in measuring power transfer that a separate discussion is 
advisable. Directional couplers used for the measurement of reflected 
waves have commonly been called ^‘reflectometers.” Normally, two 
directional couplers ire needed, one to measure the incident power, and 
the other the reflected power. A single directional coupler with a 
second detector substituted for the termination can perform both func- 
tions, but this places very stringent requirements on the match of both 
detectors so that it is usually more convenient to use two couplers. 

The most critical requirement of a reflectometer is good directivit}" 
of the coupler u.sed to measure reflected power. As was pointed out in 
Sec. 14*11 there is a relation between directivity and F. We interpret 
Ph as being caused by the reflected wave from the unknown impedance. 
Actually, however, there is a contribution from the imperfect directivity. 

' R. 8. Julian, “A Precision Impedance Comparator,” BTL MM-44-170-18, Mar. 
10, 1044. 
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By a method analogous to that used in the previous section we can obtain 
the result 

T’x = rx± (69) 

where is the observed reflection coefficient, I’x is the true unknown 
reflection coefficient, and a takes care of possible phase differences 
between the waves. An ordinary good coupler will have a directivity of 
20 db which corresponds to a VSWR of 1.22, which is an intolerable 
error for a laboratory VSWR measurement. One might set up the 
requirement that the error caused by imperfect directivity should be 
of the order of 1.01 in VSWR which means a directivity of 46 db. The 
error caused by an imperfect termination in the coupler is given by the 
r< of the termination itself, so that the termination would be required 
to have a VSWR of less than 1.01. For many field uses, these accuracy 
requirements can be relaxed to more reasonable values. 

The long-slot type of coupler is preferred for reflectometers because 
of the high directivity obtainable, although the length is a disadvantage. 
The techniques used in conjunction with reflectometers are similar to 
those described in Chap. 9 for use with magic-T impedance bridges. 
Rather than to rely on calibrations of detector sensitivity to determine 
the reflected-wave amplitude with the reflectometer, it is convenient to 
have some “gauge blocks” in the form of standard mismatches which can 
be used to check the readings. 

Since directivities of reflectometers must be high, the problem of 
directivity measurement becomes more difficult. Here again methods 
for measuring “balance” described in Chap. 9 will be found effective. 
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R-F PHASE AND PATTERN MEASUREMENTS 

By Harvey R. Worthington 

The measurement of r-f phase and intensity in free space requires 
experimental procedures and circuits different from those used for 
analogous measurements in transmission lines. In order for the measure- 
ments to provide accurate and useful information it is necessary to 
observe certain optical requirements. The first purpose of this chapter 
is to show how the ideal optical conditions may be approximated in the 
experimental setup and to discuss the effect of these approximations 
on the various measurements. The secopd purpose is to describe the 
general procedures and circuits used for r-f intensity, gain, and phase 
measurements. The specialized applications of these techniques to such 
problems as antenna design will not be discussed.^ 

15*1. Terminology and Definitions. — In this chapter it will be neces- 
sary to use some new terms and to treat antenna properties not previously 
defined in this book. These are described briefly below to facilitate the 
subsequent discussion. 

Near and Far Fields . — These fields are, respectively, the regions of 
Fresnel and Fraunhofer diffraction. The two regions are distinguished 
by the manner in which contributions from elements of the aperture 
surface add together at a distant point on the normal axis of the aperture. 
The Fraunhofer region is characterized by the condition that such con- 
tributions to the intensity at the distant point on the axis arrive with 
effectively their initial phase relationships. Since the transition between 
regions is gradual an arbitrary limit is defined. The limit between regions 
is given in terms of aperture diameter and wavelength by the equation 



Pattern Parameters . — The principal parameters affecting the charac- 
teristics of the radiation pattern are the dimensions of the aperture and 
the functions that describe the distribution of illumination and phase 
over the aperture. For an aperture uniformly illuminated by a plane 

1 Volume 12 of this series discusses microwave antenna design and contains a 
chapter on antenna measurements. 
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wave the amplitude pattern in the far field is of the form 
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gix) = go 


sm X 
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where x is a function of the aperture size, wavelength, and the angle 
of orientation with respect to the normal axis. 


X 


tD sin $ 
X 


When the illumination function is ^Hapered,^^ the pattern is described 
by a different function having similar qualitative characteristics. 

Gain . — The gain of an antenna expresses its effectiveness in con- 
centrating power in a given direction. It is the ratio of the peak intensity 
of the pattern to the intensity of an isotropic radiator emitting the same 
amount of power. The maximum gain for an aperture of given area is 
obtained by uniform illumination with a plane wave, 

r ~ 

\TCk == — — r — • 


In practical antennas the gain is usually lower than this. 

Efficiency can, therefore, be expressed conveniently as a ratio of the 
actual gain to the gain of a uniformly illuminated aperture of the same 
area. This ratio is called the ^^gain factor^' 



Absorption Cross Section is a useful term describing an effective aper- 
ture area such that the gain calculated on the basis of uniform illumina- 
tion of this area is equal to the actual gain of the full aperture, 




Scattering by an Antenna . — When radiation is intercepted by an 
antenna aperture only a part is absorbed. The remainder is reradiated 
or scattered. The fraction so scattered cannot be stated concisely in 
terms of simple antenna parameters, nor is it practical to undertake an 
accurate calculation. Roughly speaking it will be of the order of (1 — /), 
w'here / is again the gain factor. The pattern of such scattered radiation 
is not capable of even a rough evaluation for general purposes. There- 
fore in anticipating the effect of scattering on intensity measurements it 
may be advisable to assume the unlikely possibility that the scattering 
gain factor is as large as (1 — /). 
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Center of Phase . — For sources emitting spherical or cylindrical waves 
there is a geometric center point or line from which the rays appear to 
emanate. This is called the center of phase. Its location within the 
radiating element is of particular interest when this element is to be 
placed at the focus of some optical system. 

16*2. Pattern Intensity Measurements. — To determine the intensity 
pattern of an antenna, the relative power received by a second antenna 
in the field is measured at the various positions of interest. The second 
antenna is maintained at a fixed range and is directed toward the center of 
the test antenna so as to subtend a constant solid angle at all orienta- 
tions. The relative power received is then directly proportional to the 
intensity. A polar plot of the pattern in any given plane can be obtained 
by rotating either antenna about the proper axis through the center of 
the aperture of the test antenna. For short-range measurements in the 
laboratory it is usually most convenient to move the r-f pickup probe in a 
circular path while the test antenna remains fixed at the center. In 
the case of large antennas where long ranges are required it is necessary 
to rotate the test antenna about its own center keeping the second antenna 
stationary. Usually the fixed antenna is used as a transmitter so that 
the moving element need carry only the relatively small detecting 
apparatus. 

The range of separation required for a given pair of antennas is an 
important factor in determining the physical features of the apparatus 
as well as the requirements of power and receiver sensitivity. Therefore 
it will be necessary, before proceeding, to establish some relationships 
between the range and the antenna diameters on the basis of optical 
requirements. 

In most intensity measurements it is the far-field pattern that is of 
interest. This must be measured under far-field conditions because 
proper correction of the near-field pattern would require more informa- 
tion than is obtained by a single pattern measurement. On the other 
hand, the long ranges required for large antennas frequently make it 
necessary to work at the minimum range that will yield a satisfactory 
approximation of the far-field pattern. A convenient rule for determin- 
ing the minimum range R for a given pair of antennas is 


R ss (^ 1 ^ 


( 1 ) 


where Di and Dj are the aperture diameters and X is the wavelength. 
This rule represents an approximation suitable for most developmental 
antenna measurements and for pattern testing of operational antennas. 
The basis for the relationship and the approximations involved in it may 
be shown by a brief analysis of the optical problem. 
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Since there is no single criterion on which to base a minimum range, 
several reasonable requirements may beisatisfied. (1) The measured 
gain should not be more than 5 per cent lower than that which would 
be obtained under true far-field conditions. With the possibility of a 
calculated correction this is tolerable in most cases. (2) Relative inten- 
sity values should be maintained within 5 per cent. (3) The probe 
antenna must subtend a small enough angle to render good resolution 
of the pattern. (4) Errors in phase should not exceed ir/4, in order to 
approximate Fraunhofer conditions. To facilitate the discussion it will 
be assumed that the antennas involved are circular and that they have 
the characteristics of uniformly illuminated apertures. 


\ 

\ 

\ 



f Receiving 
aperture 

Fia. 15*1. — Dimensions for determining minimum range for pattern measurement. 

A simple case in which only phase errors are significant is shown in 
Fig. 15-1. A small transmitter, such as a dipole, is shown illuminating 
the large circular aperture of a receiving antenna. The curved dashed 
line represents a spherical phase contour of the transmitted wave. Con- 
struction lines are also included to indicate the magnitude of the resultant 
phase errors in terms of the system parameters. The phase error 0 will 
be a function of the angle off axis, 


For small values of dj 


2irR 

X 


(1 — sec 6), 


2 ^ 

X 


1 



The phase error at the edge of the aperture is 


0 /» — 


A\R 


( 2 ) 

(3) 

(4) 


One effect of a spherical wave front can be seen from the ratio of the 
power received to that expected in the absence of phase errors, 
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J r cos ^ dr * + 

j r mi 4> dr^ 


j r dr 
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(5) 

( 6 ) 


The relationship can be interpreted more easily if the range is expressed 
in terms of a multiple n of the Fresnel-Fraunhofer boundary range, 

B - « (a). 

If this value is substituted in Eq. ((>), 


Pr 

P. 



^ = 0.95, for = 1. 

e 


(7) 


This reduction in received power is just within the arbitrary 5 per cent 
tolerance so that the minimum range for this case may be taken as 

/)2 

P = y (8) 


The corresponding phase error at the edge of the aperture is found to be 


ttD^ t 
“ 4XP “ 4’ 


(9) 


which corresponds to a distance of X/8. This degree of deviation from a 
plane phase front is the maximum which can safely be neglected. 

The expression fpr the reduction in received power can be inter- 
preted reciprocally to mean that the intensity at a point on the axis of a 
transmitter of aperture I >2 at a range Dl/\ would be down 5 per cent as a 
result of phase errors caused by the varying path length between different 
elements of the transmitter aperture and the point on the axis. 

Where antennas of comparable size are used at inadequate range, 
errors would be expected from nonuniform intensity of illumination as 
well as phase. An expression for the power reduction in such a case is 
given below, neglecting higher-order terms, 

^ « 1 - 0.05 {D\ + 6D!Z)i + D*), (10) 

where Di and Dt are the aperture diameters. This is an approximate 
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relationship which applies only where P,/P, > 0.9. If the ratio Pr/P. 
is set equal to 0.95, corresponding to a 5 per cent reduction in received 
power, 

= ^,iD\ + QD\Dl + Di). (11) 

For the case of equal antenna diameters, 


Di = D2 = Dy 



This value for R indicates that the sum of the minimum ranges 
(DVX) for the two separate antennas is not great enough for the com- 
bination, as might have been supposed. In fact even this range is not 
adequate to satisfy the other requirements that were initially stated. 
The full angular width of the main lobe for a uniformly illuminated 
aperture is 2X/D, whereas the angle subtended by the probe antenna 
is approximately D/R. From Eq. (12) 

I - 

Such a ratio of angles results in an additional reduction in peak intensity 
of about 3 per cent whereas side lobes are reduced about 9 per cent. 
Moreover, at this range a phase difference of approximately 7r/3 can 
exist between components of the signal from different portions of the 
transmitter aperture because of path-length differences. 

Accordingly, a longer range is necessary and the range given by 
Eq. (1) is a satisfactory minimum value. The limitations of this rule 
in two special cases are the following: 

Case I. When the maximum antenna diameter for a given range is 
to be used, the second antenna must be very small and the expression 
reduces to Eq. (8), J? = D^/X. This condition represents a maximum 
phase error of t/ 4 or X/8 and a loss of 5 per cent in received power. The 
effect of the loss can be compensated to some extent by a calculated 
correction. The same relationship applies for noncircular apertures if 
D is the greatest linear dimension of the aperture. Although the errors 
arising from the reduction in powder are less, the phase error is the same 
and determines the limit. 

Case II. When Dy - Dt - I> the minimum range has its greatest 
value for a given D, 
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This range results in a reduction of about 2.5 per cent in received power 
caused by near-field effects. The angle subtended by the probe antenna 
is about i of the full width of the main lobe. Discrepancies in phase 
among the various contributions from the transmitter aperture do not 
exceed t/4. 

These approximations based upon uniformly illuminated circular 
apertures are not greatly changed when practical antennas with tapered 
illumination patterns are used. The reduction in received power is 
not so large because the contributions from the extreme edges of the 
aperture are less important. However, the loss is decreased only by a 
factor roughly equal to the gain factor. It may be repeated, also, that 
the expressions derived for power reduction caused by near-field effects 
are only approximations. They do not apply for reductions exceeding 
10 per cent and do not hold where both antennas are small compared 
to the wavelength. 

Having established the requirements upon range it is possible to 
determine the power and receiver-sensitivity requirements. For a 
pair of antennas having gains Cri and G 2 the ratio of power received to 
power transmitted is given by the expression 

Po (4ir/?)2’ 

This expression in terms of antenna area involves the gain factor / 
since for each antenna 

P 4T/i4 

Therefore 

Po 


Again, for the purposes of illustration, assume that the antennas are of 
equal diameter D with an average value of / ecjual to § and apply Eq. (1) 
for the minimum range. 


I — fiAt 


6 


In decibels this is 



^ 

Po 36.16 


0.0172. 



■17.6. 


It is of interest to note that this expression is independent of D and X 
under the minimum-range conditions. In practice, however, having 



Sec. 15 2] 


PATTERN INTENSITY MEASUREMENTS 


905 


chosen the range for a certain measurement path on the basis of the 
maximum antenna diameter, it is likely that this range will be used with 
antennas of smaller area as well. For example, a line source with a 
length equal to the maximum permissable diameter, but with a width 
equal only to of the length would have an area equal to ■iis of the 
circular-aperture area. This would cause an additional power drop of 
— 19 db. Since these figures apply to the peak sensitivity of the 
antennas, an additional 30 db would be required to render proper side- 
lobe detail. Thus a system for general use in testing antenna patterns 
should have power and receiver sensitivity enough for a 20-db drop in 
power plus a working range of 50 db, a total of 70 db. 

The probe antennas may be of any design suited to the optical require- 
ments. Where small apertures are desired, microwave horns are fre- 
quently used. These have the advantage that they are simple in 
construction and that their characteristics can be calculated without diffi- 
culty from their shape. Accurate formulas for such calculations are 
available. In cases where the length of the tapered section of the horn 
is made large with respect to the aperture dimensions, a simplified formula 
may be used for the gain,^ 


G = 4 JA, 


where fA is the effective area of the aperture. The quantity / may be 
treated as a constant fraction of the actual aperture area A for long horns 



When coaxial line is used, a dipole or a coaxial probe may be employed 
as a small probe. A gain of about 3 db is obtained with such probes. 

The characteristics of r-f power sources and detectors have been 
discussed elsewhere in this volume, so that it is possible to choose a suit- 
able combination know ing the length of the transmitter-receiver path and 
the range of antenna gains to be used. Account must be taken of the 
additional powder reduction which will be caused by padding attenuators. 
It is apparent that, in general, the sensitivity requirements are great 
enough to necessitate the use of a modulated source and an a-c receiver 
amplifier. A bolometer is indicated as the detecting element best suited 
for general application because of its linear behavior over a wide range 
of power levels. The response of a bolometer to pulsed powder makes the 
use of an a-c amplifier simpler, w^hereas a crystal is easily saturated and 
great care must be taken. Superheterodyne receivers with calibrated 
attenuators in the r-f circuit are also suitable for these measurements. 

^ 8. A. Schelkunoff, Eledromagneiic Waves, McGraw-Hill, New York, 1943, p. 365. 
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The meehanical details df antenna mounts for pattern meaeurements 
not be dieeussed here since this is a special problem depending upldn 
*tlle particular t^rpe of measurements to be made. Information about 
mounts as well as automatic pattern-recording equipment is presented in 
Yd. IB dealing with antenna design. The problem of siting an anttana- 
medburement oourse is also treated. 



Fig. 16*2, — Radiation pattern of JJ-plane horn showing power pattern, phase front, and 

center of phase. 

The general problem of interference from surrounding objects. is 
met in practice by removing such objects as far as possible and by 
avoiding illumination of them. The use of poorly reflecting materials 
in the vicinity of antennas is necessary in some cases and this is best 
determined by experiment. The need for care in this matter is readQy 
seen. When a receiving antenna is rotated during a pattern measure- 
ment, the main lobe may at times be pointed directly at some reflecting 
object. If the power received is from a — 20-db side lobe of the trans- 
mitter and is reduced by another 20 db by scattering from the obstacle, 
it could still produce a serious effect on the measurements, because the 
directly received power would also be small. If a —20-db side lo8e of 
the recover were being measured un^er these conditions the ratio of 
amplitudes of the direct signal and the scattered signal would be 10. 
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Thig w«ujd produce a power variation of from (1.0 + 0.1)* to (1.0 0.1)* 

qr. ± 20 per cent. It is apparent, therefore, that particular caire must 
be taken to avoid reflecting obstacles in the plane of rotation of the 
lobe. 

Jim example of a pattern measurement is shown in Fig. 16*S?. The 
observations refer to a horn flared in the E-plane with aperture dimen- 
sions of 2.49 by 16.42 cm. The horn had a half angle of 30® and was used 
with waveguide li by 3 inches OD. The observations were made at a 
wavelength of 10 cm. The pattern is plotted in decibels down from the 
power at 0®. The oscillations in the pattern arise from the fact that the 
phase is not uniform over the mouth of the horn. The phase pattern is 
also shown on the figure, and the center of phase is indicated by the shape 
of the horn sketched in. The mann^ of observing the phase is described 
in Sec. 16*8. 

16*3. The Measurement of Antenna Gain. — T^e gain of an antenna 
is a quantity of great practical interest. It is determined by methods 



Fig, 15-3. — Mesusurement of gain by the three-antenna method. 

which are essentially applications of power-measuring techniques, 
but these methods are sufficiently specialized as to merit some discus- 
sion. In practice, gain is usually measured with reference to a standard 
horn or to a parabolic antenna, A simple measurement of the ratio of 
the power received by the experimental antenna to that received by the 
standard gives the ratio of their respective gains. It is in the calibration 
of such gain standards and the measurement of other special antennas 
that the following techniques are employed. 

The gain of an antenna may be measured by determining the fraction 
of power it receives from a transmitter at a known distance, provided the 
gain of the transmitting antenna is taken into account. In effect this is 
done by substituting a third antenna for each of the original pair in turn. 
Repetition of the experiment for each combination jdelds three expres- 
sions from which the three unknown gains can be evaluated. 

The experimental setup is illustrated in Fig. 15*3. The transmitter 
coopists of a stable c-w source, ^uare-wave-modulated at an audio 
frequency. This source is loosely coupled to the line through a padding 
attenuator. In the waveguide line is a coupling for a power monitor and 
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For a matching device, if one is needed to match the particular antenna in 
Liae. Behind the receiving antenna is another matching device and the 
receiver consisting of a bolometer and an a-f amplifier. Three combina- 
tions of horns are represented according to their gains: Gi — G*, Gi — Ga, 
and G* — Gs. Conditions governing the range of separation r have 
already been discussed. 

The measurements of transmitted and received power are most 
conveniently made with the same bolometer. The transmitter power 
may be measured by attaching the bolometer to the transmitter line in 
place of the antenna. Sufficient padding attenuation must be used to 
prevent reaction on the oscillator because of the change of load. 

In examining the optics of the system it will be convenient to refer to 
an effective absorbing cross section A' of the antenna, which is the area 
of a uniformly illuminated aperture having the same gain. Thus 


G = 


4xA' 


(13) 


If the transmitted power is Po, the power received with the first combina- 
tion of horns is Pu, 


Pl2 



(14) 


But 




G2X2 
4ir ' 


and hence 

Accordingly, for the three combinations, 



(15) 


( 16 ) 


From these equations the value of gain for each antenna can be found, 
as for example, 


Gi 


4irr /Pi»Pi8 

X \P2»Po’ 


(17) 


It has been assumed above that the value of Po was the same throughout 
the experiment. 
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For some purposes adequate results can be obtained by a simpUfied 
form of the three-antenna method. If two horns or parabolic antennas 
of identical mechanical construction are used, it may be assumed that 
their gains are equal, 

Gi = = G. 


In tins case the expression for received power is given by the expression 



If the two antennas are checked for equal gain by the use of a third 
transmitting antenna, the experiment becomes practically the same 
as the three-antenna method. 

16-4. Effect of Antenna Scattering in Gain Measurements. — Thus 
far the effect of antenna scattering has not been considered. The 
amount of scattered power reaching the receiver in the above experiments 
is, in fact, almost negligible at a reasonable distance of separation. This 
might be expected since the radiation involved has been scattered twice, 
transversing the course r three times before reaching the receiver. An 
approximate evaluation of the effect is easily made. 

To aid in the analysis it will be convenient to assign to the antenna 
an effective scattering cross section A". This area is a fraction of the 
total area A corresponding to that fraction of the intercepted power that 
is scattered. Considering that the gain factor of an average antenna is 
approximately or Ay A = G/Gq = f, it is reasonable to assume 


A" = 


41 

2 ’ 


This value has been experimentally corroborated by measurements 
using the mirror method to be described in the next section. With 
this scattered radiation, a certain pattern and a certain gain must be 
associated. No definite relationship between receiving gain and scatter- 
ing gain can be stated, but for purposes of illustration a value of 



will be assumed. Accordingly, the power initially scattered is 
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Some this radiation reaches the transmitter to be scattered a second 
time, 


p: 


= P.G" 


A” 

47rr2‘ 


Finally a portion of the power reaches the receiver, 


p;' 




A' 

Airr^ 


The ratio of scattered power received to direct power received may be 
expressed in terms of G, 



To reduce this expression to definite terms another condition may be 
assumed. If a fixed relationship between the antenna diameter D and 
the separation r be maintained, it can be seen that the above ratio 
depends principally upon this relationship for a given type of antenna. 
For example let us try 

nD* 

T = 


The received power is 


Pr = 


Po(? 


A' 

4irr=‘’ 



Since 
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In terms of the corresponding signal amplitudes, 



For n = 4, 

A"" 

^ = 0.004. 

This corresponds to a negligible error of ±0.04 db in the gain determina- 
tion. With some antenna designs, however, the scattering may be 
appreciable. Moreover this error can be eliminated if necessary by 
measuring the maximum value of power, as r is varied. Since scattered 
power travels a distance 2r farther than the directly received power, the 
in-phase and out-of-phase conditions of and Er will occur at quarter- 
wavelength intervals of r. 

16«6. The Mirror Method of Gain Determination. — A technique for 
gain determination involving more convenient measurements is the mirror 
method.^ By reflecting the transmitted power from a large, plane mirror 
it is possible to use a single antenna as transmitter and receiver. The 
ratio of transmitted to received power can then be determined by means 
of standing-wave measurements in the waveguide. The antenna and 
its image in the mirror form a system analogous to that in the two- 
antenna method. 



Figure 15*4 illustrates the apparatus required. The oscillator may 
provide either straight c-w ix)wer or square-wave-modulated power 
depending upon the power level available. A padding attenuator pro- 
viding considerable decoupling (15 db) is used to prevent reaction of the 
reflected wave upon the oscillator. Included in the line also are a cou- 
pling for a wavemeter, a standing-wave probe, and a matching device 
for the antenna. The mirror is a first-surface reflector, flat in terms of 
the wavelength involved and placed normal to the axis of the disk or 
* E. M. Purcell, “A Method for Measuring the Absolute Gain of Microwave 
Antennas," RL Report 168, No. Jan. 3, 1943. 
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horn. The size of the mirror should be sufficient to subtend an angle 
at the antenna which will include all side lobes of appreciable magnitude. 
Ideally the mirror need only include the main lobe, but to avoid appre- 
ciable currents at the boundary of the surface and to permit diversified 
use of the system it is preferable to have a mirror about ten times the 
antenna diameter. The requirement of flatness is of importance only in 
the region of the main lobe. The use of separations beyond the minimum 
value is limited by the sensitivity of standing-wave measurements. 

The expression for power received by direct reflection is of familiar 
form, 

A ' 

r'k n 


Px =PdG 


4jr(2r)» 


If it is assumed again that 




3 4 


the power ratio may be written 


For n = 2, 


= f-" Y- 

Po \l2nj 
Px, \24j 


The corresponding amplitude ratio is 




The voltage standing-wave ratio is 

+ El _ 

Eo - E, “ 

which is easily measured accurately. 

Scattered power in this experiment is much more serious than in the 
previous ones. In this case the scattering takes place only once, return- 
ing to the mirror and back again into the receiver. With the same 
assumptions as before, this effect may be examined. The power scattered 
after the first reflection is given by the expression 


P* - PdG 


4x(2r)2 
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The portion of this radiation reaching the receiver is 


Thus 


or, if r = 2DVX, 


Ps = PbG" 


A' 

4ir(2r)2 


_ \P\ 


A' 

4ir(2r)2 


4Po 


P. 4 P,’ 
^ - - El 

Ei~ 2 Po 


TT 


^3 


0.065. 
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Since this amount of scattered radiation is not negligible, it is neces- 
sary to eliminate its effect by suitable experimental procedure. It is 
desirable to match the antenna into space as well as possible. 

Since the path traversed by j&a is greater than that traversed by Ei by 
a distance of 2r, it is possible to change the relative phase of the two signals 
by varying r. Therefore a position is sought which produces an in-phase 
relationship between Ei and Ezy corresponding to a maximum VSWR. 


Ri 


1 + + ^3 

1 — El — Ez 


where the transmitter amplitude is taken as unity. A change of X/4 
in the length of r will give an out-of-phase condition of Ei and Ez and 
a minimum VSWR, 


P _ I El — Ei 

i - Ei + Ei 


The value of can then be found in terms of Ri and Ri, 


But 


therefore 



This is the expression for the gain in terms of measured quantities under 
the condition that antenna mismatch is negligibly small. If for any 
reason the mismatch is not tuned out to a sufficient degree, it will be 
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necessary to make use of the information given by the minimum positions 
of each of the above standing- wave ratios, Ri and 7^2, to eliminate the 
mismatch amplitude from the calculations. 

16*6. Gain Determination by Pattern Integration. — For practical 
purposes the definition of gain is somewhat loosely interpreted. Opti- 
cally it is the ratio of the peak intensity of the pattern to the average 
or isotropic intensity of all the power radiated. In an actual antenna it is 
usually taken as the ratio of the peak intensity to the intensity that 
would exist if all power incident in the transmission line to the antenna 
were isotropically distributed. This effective gain is the quantity of 
practical interest in calculations of system performance and is the 
quantity determined in any method of direct measurement. 

To determine the gain in the optical sense it is necessary to resort 
to integration of the radiation pattern. The accuracy of integration 
methods is not particularly high because of the inadequacy of detailed 
information concerning the pattern and the inaccuracy of techniques for 
graphical integration. For a rectangular aperture illuminated by a 
line source, reasonably good results can be Obtained from only two 
patterns, one in the E-plane and the other in the H-plane, through the 
peak of the main lobe. This requires that it be possible to express the 
complete pattern as a product of two independent functions involving 
the two spherical angular coordinates. 

-/W. 


For each plane the unidimensional gain of the pattern can be determined 


or 


and 



de 

fl, oWfW de 


Ge = 


Ga = 


2t/„ 


f{<t, = 0) gie) dd 

27r I max 




/((/>) d<l> 


The value of the integrals may be obtained by graphical integration of 
the pattern plotted in rectangular coordinates as intensity vs. angle. The 
combination of these values to give the two-dimensional gain requires 
that the pattern be narrow in one plane so that all the power is con- 
centrated within an angular range such that 


sin ^ « 1. 
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In this case the gain becomes 

^ _ GeG<i, 

= 

T 

The usefulness of a gain value of this kind is limited. It is of some 
interest in studies of the optical characteristics of various types of 
aperture illumination. It also affords a means of evaluating losses in 
the antenna system caused by dissipation and leakage. The ratio of the 
measured gain to the integrated gain would ideally show the degree of 
attenuation of power. 

16*7. R-f Phase Measurements. — The measurement of phase in 
microwave radiation fields is of principal importance in the development 
of microwave antenna components. Since certain phase conditions must 
be maintained for efficient performance, it is desirable in many cases to 
determine directly that the various elements of an antenna system have 
the proper characteristics. The measurements are, therefore, chiefly 
concerned with the determination of contours of constant phase, the 
location of centers of phase, and the examination of effects due to objects 
in the field. 

In the several methods to be discussed the basic principle is the same. 
A sample of radiation picked up in the antenna field is compared in phase 
with a reference signal which comes directly from the source. Some 
means is provided for varying the phase of one signal with respect to 
the other so as to produce a recognizable interference condition between 
them, such as a minimum or maximum. The various types of apparatus 
differ in the means employed for this purpose, in their applicability to 
particular problems, and in ease of operation. A simple, versatile form 
of phase apparatus is one in which the pickup probe is connected by 
means of a coaxial cable to a mixer wherein the reference signal from 
the source is also present. The flexible cable permits the probe to be 
moved freely about in the antenna field, and allows the tracing of con- 
tours and the adjustment of the relative phase of the two signals to the 
reference condition. 

Such an apparatus is shown in Fig. 15-5. Power from a square-wave- 
modulated oscillator is introduced into a waveguide section and radiated 
from the experimental antenna, showm as a horn. A sample of this 
radiation picked up by the probe is led back by cable to the mixer guide. 
In this same guide is a signal which is tapped off by a directional coupler 
from the transmitter line. The two signals interfere at the crystal 
detector terminating the section. The crystal output signal is amplified 
and indicated on a meter. By moving the probe back and forth along the 
line of propagation it is possible to find the position of an interference 
minimum. 
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The pickup probe is represented as a dipole terminating the coaxial 
line. It is supported by a mount attached well back from the dipole 
and made of a poorly reflecting material. To the base of the mount 
a marker may be attached directly below the dipole to permit direct 
plotting of the minimum position. A series of such points made by 
following a chosen minimum will give a detailed plot of the constant-phase 
contour. The location of the center of phase with respect to the horn 
aperture can then be found from the plot. The dipole is mounted so as 
to permit orientation about the longitudinal axis according to the 
polarization employed. 



Fia. 15*5. — Simple phase apparatus. 


Directional } 



Fio. 15*6. — Phase itpparatus in a waveguide system for circular phase contours. 


16-8. Phase Apparatus for Point Sources. — If waveguide is used 
instead of coaxial cable, a different system is preferred in which it is not 
necessary to move the pickup itself in order to establish the reference 
condition of interference between the two signals. Instead, provision is 
made for adjusting the phase of the reference signal. This is con- 
veniently done by using a standing-wave probe to introduce the reference 
signal into the mixer line. An arrangement of this type for studying 
circular phase contours is shown in Fig. 15*6. The pickup probe in this 
case is a small waveguide horn attached to a rotary joint so that it can be 
moved freely in a circular path. It is centered so that the experimental 
horn is approximately on the axis of rotation and the circular path cor- 
responds fairly well with the circular contours to be studied. 

In this apparatus the source is shown as a c-w oscillator modulated 
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by a square wave of audio frequency. Sufficient padding attenuation 
is used to eliminate the need for careful matching of experimental 
antennas. The reference signal is tapped off by means of a directional 
coupler with good directivity in order to prevent reflections from the 
antenna line from entering the reference line to disturb the phase and 
amplitude of that signal. A loop of waveguide leads from the coupler to 
the sliding probe. Its length and design are chosen to permit uninhibited 
movement of the probe through a distance of or greater. With the 
sliding probe the reference signal is introduced into the mixer line. The 
coupling is nondirective with the ordinary probe and power is sent 
toward the field probe as well as toward the mixer. Consequently, it 
is necessary that the pickup probe and the rotary joint be well matched. 
The mixer itself may be either a crystal or bolometer connected to an 
a-c amplifier. 

The matching required in the mixer line is not difficult to achieve 
and can be readily checked in the following way. With only the refer- 
ence signal present in the mixer line, any reflected power from the pickup 
probe or rotary joint will produce an interference with the portion of 
the signal reaching the mixer directly. The interference will pass through 
a cycle with a displacement of the sliding probe equal to To avoid 
such mismatches, a properly designed horn and rotary joint should be 
used or a tuner should be incorporated in the line. The rotary joint in 
addition to being well matched should have a phase length that is inde- 
pendent of rotational angle. A well-designed joint employing a circu- 
larly symmetrical mode affords this characteristic. 

In operation, the procedure with this apparatus is to measure the 
deviations of the minimum from the fixed circle described by the probe. 
At the initial point the position of the sliding probe is indicated on a 
scale or dial indicator. Variations in the phase <l> of the probe signal 
are compensated by a measured displacement S of the sliding probe. In 
terms of the shift the phase change is 

A<t> = ^ AS. 

The results of these measurements may be plotted to give a constant- 
phase contour for the antenna. An example of such measurements is 
illustrated in Fig. 15*2 of Sec. 15*2. 

16*9. Frequency Sensitivity of Phase. — Frequency sensitivity affect- 
ing phase is a problem to be dealt with in all two-channel systems of this 
type. It is desirable that the change in phase with frequency be identical 
in the two paths between their common points regardless of the variety of 
conductors making up the circuit. Usually the reference path will be 
corrected to suit the length of the probe signal path. The wavelength 
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in the air-gap is Xo; the wavelength in the coaxial cable is Xo/VT«> where 
ke is the relative dielectric constant of the cable. Thus if the two lines 
have lengths of waveguide, coaxial cable, and air gap corresponding to 
Igy Icy and Zo and Z', Z', Zq, respectively, it is desired to choose the value of 
Ig to satisfy the condition of equal phase shift with a change in frequency. 
The required length is given by the expression 

h = K + ^(.lcVk. + K-kVk.- Zo) 

Ag 

where Xo and \g are respectively the free-space wavelength and guide 
wavelength for the design frequency. 

The compensating length of waveguide may conveniently be used 
as the flexible loop leading to the sliding probe. The accuracy of the 
correction can, of course, be checked directly by changing the frequency 
and noting whether a corresponding shift in the minimum position 
occurs. 

16*10. Phase Apparatus for Line Sources. — The type of phase appara- 
tus used for line sources may be the same in principle as that used for 
point sources. When waveguide is used, it is merely necessary to provide 
an additional rotary joint to permit straight-line motion of the probe. 
Two rotary joints suffice if the field probe is of a coaxial type with circular 



Fio. 16-7. — Phase apparatus suitable for linear phase contours. 
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phase symmetry. If a waveguide horn is used as a probe, a third rotary 
joint is required to permit orientation of the probe with respect to the 
wavefront. 

An arrangement of components for use with the coaxial probe is shown 
in Fig. 15*7. The antenna is shown as a parabolic pillbox which is used 
as a line source for a reflector. The probe is located a short distance 
from the mouth of the pillbox and is articulated so as to move in a 
straight line parallel with it. To facilitate manipulation of the apparatus 
the probe is mounted on a track such as an optical bench. The track 
itself is well below the plane of the pillbox to minimize the disturbance 
of the field. The phase-measuring part of the system is identical with 
the previous model and is subject to the same conditions. 

The plotting of wavefronts is also done in a similar manner, except 
that the variations in phase are measured with respect to the straight line. 
It should be remarked that for a center-fed parabola the phase contours 
will not be straight lines. The diffraction pattern due to the presence 
of the antenna feed, the superimposed pattern of the back wave from the 
feed and the fact that the probe is in the near field of the parabola com- 
bine to cause a wavy contour. The irregularities may be of the order of 
± and are largest at the center. With other types of line sources 
more nearly linear phase fronts would be observed. 

Phase -modulation Method. — By employing phase modulation^ 
of the reference signal it is possible to provide direct indication of phase 
on an oscilloscope. Either the position of a sinusoidal trace on the screen 
or the shape of a Lissajous figure serves to show instantaneously the phase 
of the field-probe signal at any point in the field. To determine the 
existence of a geometrically regular contour of constant phase it is simply 
necessary to traverse the desired curve with the probe. Deviations of 
the phase front from this line are indicated at once by a shift in the 
oscilloscope figure and without the need of detailed measurements. The 
centering of the antenna may readily be adjusted until the phase contour 
corresponds with the probe path. 

In this method continuous phase modulation of the reference signal 
replaces the manual phase shift employed in the previous methods 
described. Instead of being adjusted to give an interference minimum 
or maximum, the phase is swept through the full cycle of interference, 
producing a sinusoidal interference signal of audio frequency. The posi- 
tion at which the minimum occurs within the modulation cycle indicates 
the relative phases of the two signals. 

Linear modulation of phase at a suitable frequency for a-c amplifica- 
tion is the essential requirement of this method and it may be produced 

‘ H. R. Worthington, “Measurements of Phase in Microwave Antenna Fields by 
Phase Modulation Methods, ’’ RL Report, No. 966, Mar. 14, 1946. 
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by many different means. The means thus far used has been the one 
requiring no special components. It involves frequency modulation in 
conjunction with a very long waveguide line in the reference-signal 
channel. A small change of frequency with a correspondingly small 
change in \g becomes sufficient to produce a full cycle of phase change 
when one line is many hundreds of wavelengths longer than the other. 

To illustrate the principle, the simplest form of this apparatus is 
shown in bare outline in Fig. 15-8. Practical features such as rotary 



Fiu. 15-8. -PhaHe-inodulation system for phase deteriniiiatioii. 


joints have been omitted. The oscillator tube on the left is modulated 
by a sawtooth voltage from the oscilloscope sweep. The output power 
is frequency-modulated but of effectively con.stant amplitude. The 
power is divided into two channels at point A, One of these paths 
contains the antenna and pickup probe, the other the long waveguide 
line. The two channels rejoin at point B delivering both signals to 
the mixer. From the mixer an a-c voltage is obtained which is amplified 
and applied to the vertical plates of the cathode-ray tube. 

The relative phasp shift of the two signals is determined by the differ- 
ence in length of the two paths. In previous systems the requirements 
for zero relative pha.se shift with frequency have been discussed. By tak- 
ing the derivative of the phase change through the long line with respect 
to frequency a relationship is obtained for the change in phase for a given 
fractional change in frequency, 

where and Xo are the guide wavelength and free-space wavelength 
of the nominal frequency. The ratio is treated as a constant for standard 
guide within a particular frequency band. 

Thus for a phase shift of 27r and a frequency change of 0.1 per cent 
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at 1.25 cm, the required length becomes 

(-iooo(0\. 

= 660X,. 

This is a considerable length but at 1.25 cm it is practical. The range 
of frequency modulation is easily obtained without causing appreciable 
amplitude modulation of the signal. It is important to avoid amplitude 
modulation since all alternating current at the crystal should be caused 
by interference only. 

With an effectively continuous phase modulation taking place, the 
two signals arriving at the detector vary constantly and linearly in 
relative phase. The resultant power level is of the form 

p = + cj + 2e,er cos </>, 

where c, and Cr are the probe-signal and reference-signal amplitudes, 
respectively. Thus with a scjuare-law detector the a-c component of 
output voltage is sinusoidal, 

V « cos <t). 

The phase angle is a function of the initial phase at the start of the 
modulation cycle and of A0 as previously defined, 

0 = <^0 + A 0 
= <#>o + 27r/^. 

The choice of the modulation frequency /is governed by the requirements 
of sawtooth modulation and a-c amplification. 



FiO. 16*9. — Phase-modulation system with frequency-drift compensation. 


It will be noted that the system as it stands is'^sensitive to frequency 
drift. This can be taken into account in the measuring procedure by 
monitoring with a wavemeter. If the power passing through a high-Q 
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transmission wavemeter is applied to the vertical CRT plates through a 
second pair of input terminals to the amplifier, a sharp pip is obtained 
which can be used as a reference point on the sweep. The position of the 
phase signal with respect to this pip does not depend upon frequency. 

A refinement of the above system can be made whereby inherent 
insensitivity to frequency is obtained and a Lissajous figure is provided 
as a very sensitive indicator of the in-phase'^ condition for the two 
signals. Figure 15-9 shows the modifications involved. A standing- 
wave probe is inserted at the beginning of the long line and a diaphragm 
producing a partial reflection of power is introduced half-way down the 
line, a distance of 1/2 beyond the probe. This arrangement gives rise 
to two signals at the probe which have the same path difference as the 
original interfering signals. Their frequency behavior will be identical 
with that of the other pair so that an a-c reference signal is obtained. The 
relative phase of the two signals is independent of frequency and varies 
directly as the phase of the r-f field signal. By moving the standing-wave 
probe it is possible to compensate for a shift in the field-signal phase 
quickly and accurately. The phase shift so compensated is measured 
in terms of the probe displacement. 



where As is the probe displacement. 

This type of oscilloscope figure does not indicate directly the magni- 
tude of phase shift as does the sine-wave figure, but it is extremely 
sensitive when a straight line is used for the reference condition. Accu- 
racy of about ± 1.5° is provided in the measurement of phase over several 
cycles. Small deviations can be measured even more accurately. 
The sensitive, instantaneous indication is particularly useful in examin- 
ing the effects of objects placed in the antenna field, for example, in 
locating flanges or baflSes to take care of the back lobe from a feed horn. 

For greater convenience in operation and electrical alignment of the 
apparatus itself a mechanical phase-modulating device can profitably 
be used to replace the frequency modulation and long-line system. At 
microwave frequencies lower than 24,000 Mc/sec this is particularly 
true. 
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MANUFACTURERS OF MICROWAVE EQUIPMENT 

The sources of supply of most of the microwave equipment that was 
developed and used during the war are not well known to the public at 
large; nearly all of the equipment was made under military security 
regulations. In an effort to facilitate the procurement of measuring 
equipment the following list of manufacturers is presented. No attempt 
has been made to make the listing complete, and the omission of a com- 
pany or item is not intended to imply anything concerning the nature 
of the product. The listing comprises some of the companies who 
supplied microwave equipment to the Radiation Laboratory during the 
war. It is not known whether this equipment will be manufactured or 
can be obtained from these sources in the future. The numbers in the 
right-hand column refer to the manufacturers’ names listed on pages 925, 
926, and 927. 

1. J?-/ Cables and Connectors 

RG-5/IJ Nonlossy, small-diameter 

cable 

RG-9/U Nonlossy, large-diameter 

cable 

RG-21 /U Lossy cable 

UG-18/U Type N plug for RG-5/U and 

RG-21/U 

UG-19/U Type N jack for RG-5/U and 

RG-21/U 

UG-24/U Type N plug for RG-9/U 

UG-25/U Type N jack for RG-9/U 

2. Waveguide and Rigid Coaxial Line and Connectors 

RG-44/U 10-cm-band stub-supported 36 

OD coaxial line 

RG-48/U li- by 3- by 0.080-in. 10-cm- 31 to 33 

band waveguide 

RG-52/U by 1- by 0.050-in. 3-cm-band 31 to 33 

waveguide 

i- by i- by 0.040-in. 1-cm- 
band waveguide 
923 


Manufacturer 
18 to 24 

18 to 22, 24 

18 to 20, 24 
34 to 38 

34 to 38 

34 to 38 
34 to 38 


RG-53/U 


31 to 33 
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CG-163/U 1-cm-band flexible waveguide 17 

CG-164/U 3-cm-band flexible waveguide 17 

CG-170/U 10-cm-band flexible waveguide 17 

) Connectors for RG-44/U 28, 29 

UG-46/U female j 

) Connectors for RG-48/U 41 

UG-54/U choke] ' 

1 Connectors for RG-52/U 41 

UG-40/U choke] ' 

UG-116/U cover 1 Pressurized connectors for 41 

UG-117/U choke) RG-53/U 

Nonpressurized connectors for RG-53/U 30 

Electroformed bends for 1-cm-band waveguide 46 

Electroformed bends for 3-cm-band waveguide 46 

Adaptor from waveguide coaxial line 45 

3. Amplifiers and Power Supplies 

Audio-frequency, narrow band » 1, 5 

20 and 40 M c/sec, narrow band 9 

30 Mc/sec, 2 to 3 Mc/sec wide 11 

Power supplies with square-wave modulators for 4 
low power oscillators 

Klystron power supplies 27 

Signal generators 14 

4. Crystal Rectifiers 

1N21 10-cm band 9, 25 

1N23 3-cm band 9, 25 

1N26 1-cm band 9, 25 

5. Oscillator Tubes 

2K25 (type 7?3) 3-cm band 25, 26 

2K28 (type 707) 10-cm band 9, 25, 26 

2K33 1-cm band 26 

419B 3-cm band 27 

411 10-cm band 27 

410R 10-cm band 27 

417 and 2K41 10-cm band 27 

6. Power Measurements 

Thermistor bridges 9, 16 

Bead Thermistors 

D-1 68527 3-cm band 25 

D-1 63903 10-cm band 25 
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D-l 70575 l-cm band 25 

Thermistor Mounts 

1-cm band 4 

3-cm band 8, 15 

10-cm band 16 

7. Attenuators 

1-cm band 1, 2 

3-cm band 2, 10, 6 

10-cm band 2, 3 

8. Spectrum Analyzers 9^ 47 

9. 7?-/ Components 

1-cm components 

Crystal holder 1 

Directional coupler 1 

Termination 46 

Slotted section 1 

Squeeze section 1 

Supports for waveguide 40 

3-cm components 

Slotted section 8, 10, 13 

Crystal mount 10 

Tuner 10 

2K25 tube mount 10 

Termination 10 

Plunger 10 

Impedance bridges 14 

10-cm components* 

Slotted section and probe 3, 7, 8, 43* 

Wavemeter coupler 3, 7 

Termination 2, 3, 28*, 42* 

Mixer 44 

2K28 oscillator-tube cavity 3 

10. Wavem^iers 

1-cm band 1, 15, 43 

3-cm band 12, 6, 39 

10-cm band 6 


MANUFACTURERS 

1. Humble Oil and Refining Co., Houston 5, Tex. 

2. PIB Products Inc., 66 Court St., Brooklyn 2, N. Y. 

* The items marked with an asterisk are in waveguide, the other 10-cm com{>onents 
are in coaxial line. 
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3. Diamond Instrument Co., Wakefield, Mass. 

4. Browning Laboratories, Winchester, Mass. 

5. Electronics Corp. of America, 45 West 18th St., N. Y. C., N. Y. 

6. Maguire Industries, 342 W. Putnam Ave., Greenwich, Conn. 

7. Nat4. Silver Deposit Ware Co., 44 W. 18th St., N. Y. C., N. Y. 

8. F-R Machine Works, 44-26 Purvis St., Long Island City, N. Y. 

9. Sylvania Electric Co., 1221 W. 3rd St., P.O. Box 750, Williamsport, 
Pa. 

10. Graham Mfg. Co., East Greenwich, R. I. 

11. Harvey Radio, Cambridge, Mass. 

12. Electric Corp., 150 Middle St., Pawtucket, R. I. 

13. Yale and Towne Mfg. Co., Stamford Div., Stamford, Conn. 

14. Boonton Radio Corp., Boonton, N. J. 

15. Kannenstine Laboratories, 1922 W. Grey St., Houston, Tex. 

16. Cover Dual Signal Systems, Inc., Div. of Electra Voice C'orp., 
5215 N. Ravenswood Ave., Chicago, 111. 

17. American Hose Branch of American Brass Co., Waterbury, Conn. 

18. American Phenolic Corp., 1830 South 54th Ave., Chicago, 111. 

19. Anaconda Wire and Cable Co., 49 Federal St., Boston, Mass. 

20. Federal Tel. and Radio Corp., 320 Orange St., Newark, N. J. 

21. General Electric Co., 1 River Rd., Schenectady, N. Y. 

22. Okonite Co., 1100 Statler Office Bldg., Boston, Mass. 

23. Phelps Dodge Co., 143 Sidney St., Cambridge, Mass. 

24. Simplex Wire and Cable Co., 79 Sidney St., Cambridge, Mass. 

25. Western Electric Co,, 120 Broadway, N. Y, C., N. Y. 

26. Raytheon Mfg. Co., Foundry Ave., Waltham, Mass. 

27. Sperry Gyroscope Co., Garden City, L. I., N. Y. 

28. Lambert Meter Co,, 715 W. Front St., Plainfield, N. J. 

29. J. C. Rhodes Co., New Bedford, Mass. 

30. Henry L. Crowley Co., 1 Central Ave., West Orange, N. J. 

31. Chase Brass Co., 'Waterbury, Conn. 

32. American Brass Co., Waterbury, Conn. 

33. Revere Brass and Copper Co., 140 Federal St., Boston, Mass. 

34. Mendelsohn Speedgun Co., 457-461 Bloomfield Ave., Bloomfield, 
N. J. 

35. Astatic Co., 830 Market St., Youngstown, Ohio. 

36. Selectar Mfg. Co., 21-10 49th Ave, Long Island, N. Y. 

37. Ucinite Corp., 458 Watertown St., Newtonville, Mass. 

38. M. Joseph Sewing Co., 5287 Washington St., West Roxbury, Mass. 

39. Texas Co., Houston, Tex. 

40. Central Scientific Co., 79 Amherst St., Cambridge, Mass. 

41. Walworth Co., 60 E. 42nd St., N. Y. C., N. Y. 
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42. Geretein and Copper, 1 West Third St South at 

43. aau-y Wing Co 78 Pierce St., 

44. Cundy-Bettoney, 96 BradUe St., Hyde Park Mass 
46. Wm S. Haynes Co., 108 Mass. Ave., Boston’ Mass! 

46. Bernard Rice’s Sons, Inc., 325 Fifth Ave., X. Y. C 16 N Y 

47. Westinghouse Electric Manufacturing Co!, East Pittsburgh, Pa 
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Admittance, 476 
AFC, 58 
Alpert, D., 307 
Altar, W., 674 
Amplifier, 924 
i-f, W-5, 555 
pulse, 550 

for standing wave meas\iremenoS, 496- 
503 

twin-T, 501 

Amplitude transmission measurement, 
577-584 

Angular frequency, 3 
ANRFCCC, 9 
Antenna, gain of, 899 
scattering by, 899 
Apker, L., 675 
Attenuation, 680 
angular dependency of, 690 
cable, 701 

definitions of, 679-682 
dissipative, 681 
frequency sensitivity of, 683 
as function of wavelength in coaxial- 
line attenuators, 764, 766 
in line, change in standing-wave volt- 
age ratio resulting from, 702 
measurement of, 804-853 
of microwave cables, 744 
reflective, 681 

very small, measurement of, 821-824 
and voltage standing-wave ratio, 820 
Attenuation calibration with absolute 
power measurement, 838-841 
Attenuation constant, 3, 682, 686 
measurement of, 822 
Attenuation measurement, with Bal- 
lantine voltmeter, 806 
with i-f standard attenuator, 812 
sources of error in, 824-832 
by standing waves, 816-821 


Attenuation measurement, substitution 
method of, 808-816 
with thermistor bridge, 813 
with two slotted sections, 805 
Attenuation standards, calibration of, 
832-838 

secondary, calibration of, 841-848 
Attenuator, coaxial, cable as, 743-745 
carbon-coated, 745-747 
variable metalized-glass, 769-774 
coaxial-line, A-in., 762 
i-in., 762 
cutoff, 685-719 

equivalent circuit of, 700 
input impedance of, 696-700 
mode purity of, 687-689 
principles of, 685-687 
3-cm-band rFn-mode, 715 
with 7’A/ 01 -mode, 719 
design considerations for, 682-685 
dissipative, 720 
double-vane, 785 
fixed, adjustment of, 850 
TMX-81 PB, 782 
flap, 748 

helical-spring r-f contacts for, 714 

impedance matching in, 700-707 

iris coupling in, 709 

loop-i^nupled 7'^\i-mode, 689 

in etali zed-glass, precision, 751-799 

microwave, 679-803 

model O, 709 

model S, 710 

model T, 709 

1-cm-band, 925 

power dividers as, 799-803 

production calibration of, 848-853 

for reflection reduction, 573 

resistive, 720-799 

general laboratory, 743-751 
separation of undesirable modes in, 
689-693 

standard coaxial, 763 
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Attenuator, 3-cm-band, 925 
10-cm-band, 925 
TPK 35/PB/40, 786 
TPS-15, 707 

for 24,000 Me /sec, 716-718 
vane, 749 

variable, calibration of, for signal 
generators, 851 
cam drive for, 784 
1-cm-band, 786 
t-in.-line, 770 
}-in.-line, 771 

variable coaxial-line, matching of, 772 
waveguide, fixed, 747 
for 3000 Mc/sec, 707-715 
for 9000 Mc/sec, 715 
variable, 748-751 
construction of, 784-790 
performance of, 790-799 
Attenuator inserts, evaporation chamber 
for, 760 

Attenuator pads {see Pads) 

Attenuator standard, waveguide metal- 
ized glass, 836 

Automatic frequency control {see AF(’) 

B 

Bandwidth of cavity (see Cavity, band- 
width of) 

Barretter, 81 156-171 
direct-reading bridges for, 169-171 
theory of operation of, 161-169 
type 821, 160 

Barretter-amplifier combinations, 171- 
175 

Barretter demodulation, 166 
Barretter mount, 175-179 
type 82X, 178 

Barrow, W. L., 297, 303, 307, 329 
Beads, dielectric, 11 
Becker, J. A., 141, 188 
Beers, Y., 273 
Beggs, H. E., 180 

Bell Telephone Laboratories, 188, 201, 
212, 512, 735 
Beringer, R., 273 
Bessel functions, roots of, 299 
Bethe, H. A., 860 
Bethe-hole coupler, 858-866 
Bibliography of dielectric constant meas- 
urements, 673-676 
Birks, J. B, 676 
Bleanev. B., 168 


Bode, H. W., 61 
Bodtman, W. F., 198, 212 
Bolometer, 81 
a-f response of, 100-103 
metalized-glass, 184-187 
Bolometer bridges, temperature com- 
pensation of, 103-105 
Boon ton Radio Corporation, 552 
Borgnis, F., 294, 297, 303, 307, 673 
Breazeale, W. M., 273 
Breckenridge, R., 674, 675 
Bridge, self-balancing, 127-130 

(5ee also type of bridge. Impedance; 
W-; etc.) 

Bridge circuit, 84-89 

operation of thermistor in, 97-100 
{See also type of bridge) 

Bridge sensitivity, 86 
Brownlow, J. M., 675 
Bunching, 24, 25 
Burrows, C. R., 675 

C 

Cable attenuation, 701 
Cables, 9 

flexible, 8, 244 
(’albick, C. J., 195, 202, 673 
Calorimeter for measuring loss, 582 
Cavity, bandwidth of, 291 
beacon-reference, 377 
as circuit element, 286-293 
containing dielectric materials, 307 
filter, 377 

normal-mode fields in, 293-308 
partial-coaxial, 377-379 
resonant, 285-342, 375-384 
standard, external temperature com- 
pensation for, 386-390 
humidity effects for, 384, 390-392 
temperature-compensated, 384 
temperature effects, for, 384-390 
for 24,000 Mc/sec, 383 
standard measurement conditions for, 
393 

r£:oii-mode, 325, 379-382 
hybrid, 382-384 

Cavity comparator, 403r-407, 446 
TFU-IRL, 406 

Cavity-coupling system, 286, 330-342 
single-line, equivalent circuit of, 286 
two-line, equivalent circuit of, 289 
transmission through, 289 
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Cavity oscillator, 707B, 250 
Cavity Q-meter, 396-403, 447 . 

Cavity systems, very-high-Q, 340^ 
very-low-Q, 339 
Chaloff, R. S., 176 
diaries, B. P., 891 
('hesley, F. G., 675 
Clamping circuit, diode, 238 
Coaxial resonator, 303 
Coaxial T’s, 527 
Coaxial wavemeter, 320-322 
Cole, P. A., 193 
Collie, C. H., 673 

Columbia Radiation Laboratory, 511 
Condon, E. U., 294 
Connector, 923 
for coaxial line, 13 
type N, 9 
UHF, 10 

Coupler, Bethe-hole, 858-866 
branched-guide, 866-873 
equivalent circuit of, 868 
coaxial, inside-out. 874 
directional (aee Directional Coupler) 
long-slot, 885-890 
multiple-path, 879-883 
resistive-loop, 891 
two-hole, 873-879 
Coupling, definition of, 859 
measurement of, 895 

(See also Line, coaxial; Waveguide; 
etc.) 

Coupling coefficient, 487 
Coupling loop, resistive-stripe, for cutoff 
attenuator, 703 

for 7"/^n-mode cutoff attenuator, 703 
Coupling parameters, 288 
Crossover phenomenon, 693 
Cross section, absorption, 899 
Crystal, r*f impedance of, 498 
silicon, rectification of, 498 
Crystal barrier, equivalent circuit of, 
279 

Crystal boundary layer, 279 
Crystal holder, 7, 925 
Crystal oscillator (see Oscillator, crystal) 
Crystal rectifier, 4, 924 

harmonic generation by, 373 
Crystal units, cartridge, properties of, 
7 

Cutoff attenuator (see Attenuator, cutoff) 
Cutoff parameter, 686 
Cutoff wavelength, 685 


D 

Dakin, T. W., 675 
Davidson, C. F., 675 
De Bretteville, A. P., Jr., 675 
Decrement measurements, 340-342 
Detector, cohereut-signaV, 546 
for standing-wave measurements, 496- 
503 

Detector nonlinearity, effects of, 635 
Dicke, R. H., 271, 273 
Dielectric constant, 3, 561 
complex, 561 

relations for analysis of data, 562-568 
relative (see Specific inductive capacity) 
Dielectric constant measurement, 561— 
676 

bibliography of, 673-676 
choice of method for, 568-570 
comparison of, with optical methods, 
604 

comparison of methods for, 671 
consistency of results in, 666 
corrections for clearance of, 576 
details of computation for, 584 
by phase shift in guide, 571 
by reflection, 606-625 
by resonant-cavity methods, 657-665 
by short-circuited-line method, 621, 
625-656 

gap between sample and short cir- 
cuit, 631 

measurement procedure, 633-640 
method of, 646 

modifications for low power, 644- 
654 

sample thickness for, 630 
sources of error in, 640-644 
theory of, 625—633 
uses of, 654-657 

summary of methods for, 666-672 
by transmission in free space, 591- 
606 

by transmission in guide, 570-591 
Diffraction, 898 
Diode rectifiers, 193 
Direct-reading bridge, 84 
for barretter, 169-171 
Directional coupler, 522, 800, 854-897, 
925 

branched-guide, modified, 873 
comparison of types of, 850 
equivalent circuit of, 855-858 
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Directional coupler, properties of, meas- 
urements of, 894 
reverse-coupling, 883 
Schwinger, 885 

slotted block, for coaxial line, 878 
theoretical considerations for, 891-894 
two-hole, 873-879 
with two slots, 876 
{See also Coupler) 

Directivity, definition of, 859 
measurement of, 895 
Discriminator, microwave, 63-67 
employing two magic T’s, 66 
Double-probe coupling, 213 
Dowker, Y., 488, 673-675 
Du Mont K1017 oscilloscope, 469 
Du Mont Laboratories, Allen B., 469 
Dunsmuir, R., 675 

E 

A'-plane horn, center of phase of, 906 
phase front of, 906 
power pattern of, 906 
radiation pattern of, 906 
^-plane T, wavcmcter on, 314-316 
Ebert, J., 816 
Echo boxes, 192, 303, 325 
OBU-3, 327 
TS-218A, 447 
Ehlers, F. E., 743 
Electric field, 3 
Electroforming, 524 
Electronic-tuning hysteresis, 30 
Englund, C. R., 674 

Equivalence relations for free space and 
waveguide, 565 

Equivalent circuit of lossless devices, 513 
Everhart, E. M., 675, 676 

F 

Feenberg, E., 166, 374, 675, 725 
Ferguson, J. F., 749 
Fisher, H. J., 749 
Frank, N. H., 718 
Frequency, 3 

standard, broadcasts of, 353 
Frequency-difference measurements, 453 
Frequency dividers, 354-357 
regenerative-modulator, 356 
Frequency measurements, 343-407, 453 
spectrum-analyaer for, 393-395 


Frequency measuring equipment and 
techniques, 392-407 
Frequency multiplication, 33 
Frequency multiplier, push-pull, 368 
push-push, 368 
vacuum-tube, 365-373 
velocity-modulated, 373 
Frequency-pulling, 291-293 
Frequency stabilization (see Stabiliza- 
tion, frequency) 

Frequency stabilizer, 67 
Frequency standard, accuracy of, 375 
microwave, 344 

design considerations of, 345-347 
Radiation Laboratory, 347-375 
primary, 343-347 
secondary, 375-384 
Friis, H. T., 223 

G 

Gain, antenna, 899 

measurement of, 907-909 
Gain determination, mirror method of, 
911-914 

by pattern integration, 914 
Gain factor, 899 

Gain measurements, scattering in, effect 
of 909-911 

Gainsborough, G. F., 136, 812 
Galvanometer-amplifier, 499 
General Electric Gorapany, 180, 193, 
443 

Gent, A. W., 674 
Ginzton, E., 374 
Giordano, A. B., 833 
GI^559, 193 
GL-582 diode, 193 
Grant, A. S., 674 
Green, E. I., 749 
Guillem in, E. A., 341 
Guillotine attenuator, 787 
Guthrie, G. B., 175, 807 

H 

Hansen, W. W., 272, 294, 307, 674 
Harmonic generation, by crystal recti- 
fiers, 373 

‘ frequency range covered by, 374 
Harrison A., 374 
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Harrison, R. J., 175 
Hatch, R., 374 
Haugen, M., 673 
Hegarty, M., 675 

Helical-spring r-f contact for attenua- 
tor, 714 

Hersberger, W. D., 214 
Hollman, H. E., 468 
Horner, F., 674-676 
Hower, P. A., 350 
Hughes, Rita, 212 

Humidity-effect nomograph for cavities, 
391 

Hunt, L. E., 676 
Hybrid coil, 546 
Hysteresis, electronic-tuning, 30 

I 

Image, higher-order, 416 
Imaginary unit, 3 
Impedance, 476 
of poly iron, in coaxial line, 724 
in waveguide, 727 
Impedance bridge, 446, 515-560 

basic measuring techniques with, 530- 
537 

built-in calibrator for, 558 
calibration of, 556-559 
error for, 560 

with f-m discrimination, 543-548 
line components for, 540-545, 549, 554 
multifrequency, 537-543 

with panoramic receiver, 539 
with panoramic receiver, 552-556 
pulse-modulated, 538, 548-552 
single-frequency, 530 
sources of error for, 559 
Impedance-bridge elements, 516-530 
Impedance-circle diagrams, 476, 697 
Incidence, angle of, measurement of, 602 
arbitrary, measurements at, 599-604 
far from normal, 613 
normal, measurements at, 593-599 
Inductive capacity, specific, 561 
Insertion loss, 680 
Interface reflection, 600 
Iris-coupling in attenuators, 709 

J 

Jackson, W., 674-676 
Jamieson, H. W., 180 
Jelatis, D., 673, 674 


Johnson, M. H., 216 
Johnson, S. A., 184, 816 
Johnson meter, 216 
Julian, R. S., 801, 878, 896 

K 

Kallman, H. E., 512 
Katz, S., 228 
King, R. W. P., 754 
Kinzer, J. P., 294, 297, 302, 303 
Kircher, R. J., 198 
Klystron, double-cavity, 374 
reflex, 21 

characteristics of, 35 
1-cm, 47-51 
oscillator, 23-33 
power supplies, 51-58 
tube types, 34-51 
2K28, 41 
723 A /B, 31 
2K25, 37 
type 417, 43 

Klystron power supplies, 924 
Konig, H., 308 
Korman, N. I., 509 
Krock, R., 109 
Kuper, J. B. H., 193, 274 
Kyhl, R. L., 273 

L 

L4PD load lamp, 180 
Lane, J. A., 673 
leakage, r-f, 240-243 

techniques to minimize, 242 
I^ee, Gordon M., 468 
Ixiiter, H. A., 673 
Letter symbols, 3 
Lighthouse diode, 2B22, 461 
Lighthouse tube, 2040, 22 
Lighthouse-tube cavity, 256 
Line, bifurcated, 801 
coaxial, 11-13 
connector for, 13 
rigid, 923 

Lippmann, B. A., 873 
Littelfuse mount, tunable, 176 
Llewellyn, F. B., 813 
Load, coaxial-line, high-power, 732-735 
gas, for power measurement, 214 
high-power, 721 
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Load, high-power, dissipative-wall, 739 
1.25-cm-band, 742 
3-cm-band, 738 
hot transmission-line, 271 
IRC resistance, for rectangular wave- 
guide, 729 
low-power, 721 
matched, 503-505 
water, 194-213 
closed-flow system for, 209 
for coaxial line, 195-199 
flow systems for, 204-211 
for 1-cm-band, 203 
for 3-cm-band, 202 
thermopiles for, 211 
for waveguide, 199-204 
waveguide, high-power, 735-743 
Load lamps, 180-183 
Loaded Q, 289 
Loss tangent, 561 
calculation of, 629 
for distilled water, 195 
of water, 587 
Loughlin, R., 675 

M 

Magic T, 63, 237, 331, 517, 525, 546 
Magic-T alignment, 535 
Magnetic field, 3 
Magnetic permeability, 3 
Mann, L., 127 

Manufacturers of microwave equipment, 
923-927 

Match, sliding, 534 
Matching techniques for T^s, 525 
Mathison, W. W., 175 
Meahl, H. R., 676 

Measurement {see quantity to be meas- 
ured) 

Merchant, R., 675 
Metalization of glass plates, 775 
Metalized glass, coaxial-line termination 
of, 724 

use of, with low-power terminations, 
731 

Metalized -glass plates, matching of, 778 
Microwave attenuator {see Attenuator, 
microwave) 

Microwave current, heating effects of, 
166 

Microwave equipment, manufacturers of, 
923-927 


Microwave oscilloscopes, 468 
Microwave region, 1 
Microwave wavemeters, 319-330 
Microwaves, detection of, 4-8 
Mie, G., 307 

Mieher, W. W., 297, 303, 307, 329 
Mismatches, adjustable reference, 557 
Mode chart, 298 
for coaxial cylinder, 304 
for right circular cylinder, 298 
for TFX-30 wavemeter, 324 
Mode filtering, 693-696 
Mode patterns, reflector, 26 
Mode shapes, universal, 28 
Model O attenuator, 709 
Model S attenuator, 710 
Model T attenuator, 709 
Modes, in circular waveguide, 690 
normal, of cavity, 285, 293 
in coaxial resonator, 303-307 
in rectangular parallelopiped cavity, 
294-296^ 

of right-circular cylinder, 297-303 
in slotted guides, 889 
Modulation, amplitude, 24 
frequency, 24 
velocity, 24 

Modulator, single-sideband, 331 
Moore, A. A. S., 776 
More, K. R., 193 
Moreno, T., 177 
Morgan, S. O., 735 
Mueller, G. E., 512 
Multivibrator, pulse, 239 
Myers, G. B., 891 

N 

National Bureau of Standards, 344, 347, 
355, 393 

National Physical Laboratory, 813 
Neon tubes as power indicators, 218 
Networks, ring, 527 
Niemann, F. L., 149 
NoLse figure, receiver, 222—226 
Noise-figure measurement, 224 
with microwave noise source, 225 
Noise generators, 222 
Noise klystron, 274 
Noise source, crystal, 278-281 
microwave, 270-281 
723A/B Klystron, 277 
shot, 273-278 
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Noise source, Sperry 419, 277 
sun as, 272 
thermal, 271-273 
Noise temperature, 225 
of Sperry 4 17- A Klystron, 276 
Nordsieck, A., 511 
Normal incidence, 612 

O 

OBU-3 Echo Box, 327 
Optical methods, comparison of, with 
other dielectric constant measure- 
ment, 604 

Oscillator, audio interpolation, 359-361 
crystal, for frequency standard, 352 
crystal-controlled, for frequency stand- 
ard, 350—353 
frequency-marker, 437 
microwave, 21-58 
pulse modulation of, 237-240 
stabilized, 331 
tunable, 357-359 
Oscillator tubes, 924 
Oscilloscope, comparison, 361-365 
Oscilloscope, Du Mont K1017, 469 
r-f (see R-f oscilloscope) 

Oster, G., 675 

P 

Pad inserts, coaxial, electrical design of, 
752-757 

Pads, coaxial, fixed, 745-747 

construction of, 757-763 
performance characteristics of, 
763-769 

polyiron waveguide, 747 
waveguide, fixed, 781-784 
Painter, N., 109 

Pattern, radiation, of A’-plane horn, 906 
Pattern integration, gain determination 
by, 914 

Pattern intensity measurements, 900- 
907 

Pattern measurement, 898-915 
minimum range for, 901 
Pattern parameters, 898 
Payne-Scott, Ruby, 272 
Penrose, R. P., 673, 676 
Permeability, complex, 561 
magnetic, 3 
Peskin, E., 161 
Peterson, L. C., 813 


Pfister, 674 
Phase, center of, 900 

of E-plane horn, 906 
frequency sensitivity of, 917 
Phase apparatus, for line sources, 918 
for point sources, 916 
Phase constant, 3 
Phase front, of E-plane horn, 906 
Phase measurement, in free space, 592 
by phase-modulation method, 919-922 
of Q, 336^340 

Phase-shift measurement, 570-577 
Phase shifter, 570 
Plunger, 925 
short-circuiting, 504 

Polyiron, impedance of, in coaxial line, 
724 

in waveguide, 727 

low-power waveguide termination 
with, 726-728 

Polytechnic Institute of Brooklyn, 184 
Pound, R. V., 331 
Power, 3 
average, 80 
pulse, 80 

Power divider, 799-803 
adjustable, 214 

for high-power measurements, 213- 
215 

Power measurements, 924 
at high level, 194-220 
at low and medium levels, 84-194 
microwave, 79-220 
Power pattern, of E-plane horn, 906 
Power ratio, measurement of, 805-808 
Power supply for klystron, 51-58 
Mark SX-12, 55 
Probe, calibrated pickup, 799 
design of, 488-496 

distortion of standing-wave pattern by, 
485 

electric, 479 
magnetic, 479 
shielded, 489 
10-cin, 495 

traveling, 478-480, 483-488 
Propagation constant, 3, 569 
Pulse-forming circuits, 237 
Pulse response, of receiver, 227 
Pulsed modulation of oscillator, 237-240 
Pulses, synchronization of, 239 
Purcell, E. M., 911 



936 


TECHNIQUE OF MICROWAVE MEASUREMENTS 


Q 

0, loaded, 289 

phase measurements of, 336-340 
unloaded, 289 
Q-factors, 288, 293 
0-meter, cavity, 396-403, 447 

R 

R6271 diode, 464 
Radiation Q, 289 

Radio Corporation of America, 214, 464 
Radio Research Laboratory, 198 
Rambo, W. R., 198 
Receiver, comparison, 353 
pulse, measurements on, 226-^34 
response of, to frequency-modulated 
signals, 230 
testing of, 222-234 
ultimate sensitivity of, 222 
Recovery time of receiving system, 233 
Rectifiers for power indication, 191-194 
Reddish, W,, 676 
Redheffer, R. M., 488, 673-675 
Reflection, interface, 565, 606—612 
large, measurement of, 536 
probe, 607-609 
Reflection coefficient, 3, 475 
complex, 565 

Reflection measurement in free space, 
612-616 

Reflectometer, 896 

Reflector-mode pattern {see Mode pat- 
tern, reflector) 

Resistive disk, 705 

Resistivity, d-c, of common metals and 
alloys, 296 

Resonant cavities, 285-342, 5-384 
R-f cables, 8, 923 

R-f envelope viewer, 193, 408, 455-468 
crystal, 458 
detector for, 459 
diode detectors for, 461 
R-f oscilloscope, 408, 455, 467-469 
R-f phase measurements, 898-900, 915- 
922 

R-f source, modulation of, 500 
Richtmeyer, R. D., 307 
Rieke diagram, 31 
Roberts, S., 223, 674 
Robertson, 8. D., 676 


Roth, 674 

RP-347 spectrum analyzer, 443 
RP-392-K spectrum analyzer, 443 

S 

Saxton, J. A., 673, 676 
Scaling theorems, 308 
Scattering matrix, 517, 892 
Schelkunoff, S. A., 905 
Schneeberger, R. J., 203, 220 
Seaman, E. C. H., 675 
707B cavity oscillator, 250 
707B characteristics, 35 
723A/B characteristics, 35 
723A/B klystron, 31 
Shaw, R. C., 198, 212 
Shive, J. N., 188 

Short-circuited-line method, dielectric 
constant measurement by {see Di- 
electric constant measurement, by 
short-circui^ed-line method) 

Shot noise, 270 
Shot-noise sources, 273-278 
Side-outlet T, 516-522 
Signal generator, 221-281 
with magic T, 236 
microwave, design of, 234-270 
pulsed, 228 

pulsed-lighthouse-tube, 253-259 

pulsed-off, 229 

simple, 235 

TGS-5BL, 247-253 

for 3000- Me /sec region, 247-253 

TS-147, 259-264 

for 24,000- Me /s€ic region, 265-270 
Signal generator calibration, 245 
Similitude, principle of, 308 
Simmonds, J. C’., 675 
Skin depth, 296 
Slater, J. C., 822, 880 
Slot waves, 482 

Slotted guide, wavelength in, 481 
Slotted line, characteristic impedance 
480 

Slotted section, 478-483, 925 
design of, 488r-496 
Smith, P. H., 478 
Southworth, G. C., 273 
Specific inductive capacity, 3 



INDEX 


937 


Spectrum, interpretation of, 448 
power, 412 
of pulse, 409 
examples of, 449 
Spectrum analyzer, 408, 925 

beat-frequency indications of, 395 
design considerations of, 416-423 
for frequency measurement, 393-395 
low-frequency, using microwave oscil- 
lators, 441-446 
measurements with, 448-455 
operation of, theory of, 411-416 
principles and design of, 409-423 
representative, 423—448 
RP-347, 443 
RP-347-K, 443 
sensitivity of, 420 
stability of, 422 
TS-148/UP, 409, 429-434 
TSK-2SK, 435, 440 
TSK-3RL, 411, 423-429 
TSS-4SE, 434-430 
TSS-4SF, 411 

TSX-4SE, 416, 429, 435, 439 
Spectrum-analyzer principle, other in- 
struments using, 446 
Spectrum image, 415, 419 
Sperry Gyroscope Goinpany, 157, 162, 
169, 177, 182, 307, 675, 788 
Squeeze section, 507-510, 925 
Stabilization, frequency, of microwave 
oscillator, 58-78 
Stabilization factor, 62 
Staliilization, frequency, i-f system, 69-75 
results and limitations of, 75- 78 
Stabilizer, electronic frequency, 67 
frequency, 67 

Standing-wave detector, coaxial, 496 
continuously indicating, 511 
’ugh-power, 510 
or 1.25 cm, 490 

for 3.2-cm wavelength, 492, 494 
.a,nding-wave measurement, on cavities, 
333-336 

.pparatus for, 503 
ictector for, 496-503 
t high power, 510 
n lossless devices, 512-514 
ading-wave minimum, shift in, 338 
nding-wave pattern, 475 
nding-wave ratio, direct measurement 
of, 634 


Standing-wave ratio, high, measurement 
of, 505-507 
voltage, VSWR, 3 
Standing-wave voltage ratio, 3, 476 
and attenuation, 820 
of cavity, 335 

change in, with line attenuation, 702 
of TFX-30EC cavity, 335 
Standing waves, fundamental relations 
of, 475-478 

measurements of, 473-514 
Strachey, C., 676 
Stratton, J. A., 674 
Strickland, A. C., 391 
Strong, J., 776 
Stub support, broadband, 13 
Sturtevant, J. M., 218 
Suen, T. J., 675 
Sun, as noise source, 272 
Superheating, 195 

Sylvania Electric Products Co., 430, 434 
Symbols, letter, 3 
Synchroscope, 457 

T 

T {see type of T, e.g. Magic; Waveguide; 
etc.) 

T-asymmetry, 532 

T-junction, equivalent f’ircuit of, 867 
monitoring, 257 
Tangential signal, 228 
Taylor, T. A., 674, 676 
TBX-IBR microwave impedance bridge, 
446, 552 

7’^ii-inode in circular waveguide, 690 
Telecommunications Research Estab- 
lishment, 200, 218, 512 
Temperature compensation, of bolometer 
bridges, 103-105 

with two thermistor disks, 108-118 
Terminations, 720, 925 

coaxial-line, low-power, 722-726 
of metalized glass, 724 
coaxial poly iron, 723 
low-power, with metalized glass, 731 
transmission-line, matched, 720-743 
waveguide, low-power, 726-731 
with poly iron, 726-728 
TFK-2 wavemeter, 327 
TFS-5 coaxial wavemeter, 320 
TFS-10, 377 
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TFU-IRL cavity comparator, 406^ 
TFX-30 wavemeter, 323 
TGS-5BL signal generator, 247-253 
Thermistor, 81 
bead, 89, 924 
d-c characteristics of, 96 
disk, 90 

equivalent circuit for, 149 
operation of, in bridge circuit, 97-100 
V-519, 90 

Thermistor bridge, 924 
self-balancing, 128 
two-disk, 117 

Thermistor mount, 130-155, 925 
broadband coaxial-line, 136 
coaxial-line, 132 
double, 136 
fishtail, 150 

impedance variations of, 147 
1-cm-band, 151 
0-0, 140 
iS-5, 140 
tri-tuner, 146 
waveguide, 139 
Thermistor parameters, 89-97 
Thermistor power monitors, 155 
Thermocouple dipole, 190 
Thermocouple power detectors, 187-191 
sensitivity of, 187 
Tisza, L., 675 

TA/oi-mode in circular waveguide, 690 
TMX-81 PB fixed attenuator, 782 
Tonks, L., 675 

TPK 35/PB/40 attenuator, 786 
TPS-15 attenuator, 707 
Transmission, measurement of, 577 
Transmission coefficient, complex, 565 
Transmission loss, 333 
Transmission measurement, 332 
in free space, 592 

TRE, {see Telecommunications Research 
Establishment) 

Trigger pulses, 239 
TS-218A echo box, 447 
TS-148/UP spectrum analyzer, 409, 429- 
434 

TS-155, 253-259 
TS-270, 325-327 

T8K-2SE spectrum analyzer, 435, 440 
TSK-3RL spectrum analyzer, 411, 423- 
429 

T8S-4SE spectrum analyzer, 411, 434-439 


TSX-4SE spectrum analyzer, 416, 429, 
435, 439 

2B22 lighthouse diode, 198, 461 
2C40 lighthouse tube, 22 
2K25 klystron, 35, 37 
2K25 mount, 39 
2K28 reflex klystron, 35, 41 
2K33, 47 

characteristics of, 36 
2K45, 45 
2K50, 47 

Tung-Sol Lamp Works, 165 
Tuning, electronic, 23, 29 
hysteresis, 30 
thermal, 46 
Turner, L. B., 673 
TVN-7BL, 52 

U 

Unitary matrix, 518 
Units, system o^, 2 
Unloaded Q, 289 

V 

Van Vleck, J. H., 273 

Vane, A. B., 273 

V-bridge, 105-108 

V-519 thermistor, 90 

von Hippel, A. R., 590, 621, 673-675 

VSWIl {see Standing-wave voltage ratio) 

W 

Walker, R. M., 203 
Waller, W. E., 515, 850 
Waltz, M. C., 274 
Water load {see I^oad, watt^r) 

Wattmeter, coaxial, for field use, 215 
Wave number, 3 
Waveguide, 923 
flexible, 244 

standard rectangular, 15 
wall losses in, 590 
Waveguide coupling, 15 
choke-flange, 14 

Waveguide T's, manufacture of, 524 
Waveguide transmission lines, 13-16 
Wavelength, 3 
measurement of, 285-342 
in waveguide, 3 
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Wavemeter, 926 
cavity, transmission, 309-311 
coaxial, TF8-5, 320 
on coaxial stub, 318 
on i^-plane T, 314—316 
microwave, 319-330 
mode, TEou, 322-325, 328-330 
TEun, 327 
reaction, 311-314 
TFK-.2, 327 
TFX-30, 323 

on top of waveguide, 310-318 
for 24,000-Mc/sec region, 327 
Wavemeter circuits, practical, 308r-319 
Wax, N., 202 
W-bridge, 118-123 
Webber, H. E., 166 
Weber, E., 828 
Wesson, L. G., 675 


Westinghouse Electric Corporation, 176, 

202, 220 

Westinghouse Electric and Mfg. Co., 
430 

Westphal, W., 673-675 
Whitcher, S; L., 675 
Wiesner, J. B., 100 
Winkler, E. D., 673, 675 
Wollaston wire, 157 
Wood, R. F., 676 
Worthington, H. R., 919 
WWV, Radio Station, 344, 353 

X 

X-bridge, 123-127 

Y 

Younker, E. L., 589, 673 





